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AAPH-mediated antioxidant reactions of secoisolariciresinol and SDG
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Secoisolariciresinol (SECO 1) is the major lignan found in flaxseed (Linum usitatissimum L.) and is
present in a polymer that contains secoisolariciresinol diglucoside (SDG 2). SECO, SDG and the
polymer are known to have a number of health benefits, including reduction of serum cholesterol levels,
delay in the onset of type II diabetes and decreased formation of breast, prostate and colon cancers.
The health benefits of SECO and SDG may be partially attributed to their antioxidant properties. To
better understand their antioxidant properties, SECO and SDG were oxidized using 2,2′-azobis-
(2-amidinopropane), an in vitro model of radical scavenging. The major lignan radical-scavenging
oxidation products and their formation over time were determined. SDG was converted to four major
products (11–14), which were the result of a phenoxyl radical intermediate. One of these products (13),
a dimer of SDG, decomposed under the reaction conditions to form two of the other major products,
12 and 14. SECO was converted to five major products (6–10), two of which (6 and 7) were also the
result of a phenoxyl radical intermediate. The remaining products (8, 9 and 10) were the result of an
unexpected alkoxyl radical intermediate. The phenol oxidation products were stable under the reaction
conditions, whereas two of the alcohol oxidation products (8 and 9) decomposed. In general, only one
phenol group on the lignans was oxidized, suggesting that the number of phenols per molecule may not
predict radical scavenging antioxidant ability of lignans. Finally, SECO is a superior antioxidant to
SDG, and it may be that the additional alcohol oxidation pathway contributes to its greater antioxidant
ability.

Introduction

Consumption of flaxseed ((Linum usitatissimum L.) has been
associated with a number of health benefits, including protection
against cardiovascular disease in rodents,1–4 rabbit5 and humans,6

hepatoprotection in rats7,8 and protection against cancer in
rodents.9–14 Most of these beneficial effects have been linked to the
lignans found in the hull portion of flaxseed. Secoisolariciresinol
(SECO, 1) (Fig. 1) is the major lignan found in flaxseed15 and
is present in flaxseed as the diglucoside (SDG, 2), which is
incorporated into a (hydroxymethyl)glutarate-linked polymer.16,17

Other lignans, such as matairesinol (MAT, 3) are present in
smaller amounts. In animal models, SDG and SECO have been
shown to reduce cancer,9,12,18 cholesterol and atherosclerosis,10,19

to protect against loss of lupus-induced renal function20 and to
delay the development of Type II diabetes.21 Flaxseed lignans
undergo metabolism in the human gastrointestinal tract to form
the mammalian lignans enterodiol (END, 4) and enterolactone
(ENL, 5) (Fig. 1), which have also been associated with decreased
risk of coronary events,22,23 inhibition of prostate cancer cell lines24

and aromatase activity.25,26

The health benefits attributed to SECO and SDG have
been proposed to be the result of estrogenic27–30 or antioxidant
properties.31,32 Antioxidants are believed to play an important
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role in disease protection by reducing the effects of oxidative
stress seen in processes such as cardiovascular disease, cancer
and neurodegenerative diseases.33 Phenolic antioxidants, such
as vitamin E and butylated hydroxytoluene (BHT), neutralize
radical species including lipid peroxides by forming stable, long-
lived radicals which lead to stable, non-radical products;34 SECO
and SDG would be expected to behave in a similar manner. A
possible mechanism for SECO/SDG scavenging of radical species
is shown in Fig. 2. In the proposed scheme, a radical (Y•) abstracts
a hydrogen atom from the lignan phenol hydroxyl, yielding a
resonance-stabilized phenoxyl radical and YH. The lignan radical
could then react with a second radical, including another lignan
radical, to form a stable product. An ideal stoichiometric ratio
of 4 would be expected for SECO, SDG and MAT, however
radical scavenging antioxidant stoichiometries determined for a
variety of 2-methoxy phenols (eugenol, 1.30,35 1.85;36 2-methoxy-
4-methylphenol, 1.41;35 zingerone, 1.8536) suggest that stoichio-
metric values closer to 2.6–2.8 might be anticipated for the
lignans.

The antioxidant properties of SECO, SDG, MAT, END and
ENL have been studied using several techniques. Inhibition of
lipid peroxidation of 1,2-dilinoleoyl-sn-glycerol-3-phosphocholine
(DLPC) induced by 2,2′-azobis(2-amidinopropane) (AAPH) was
greater for SECO (1.5) than SDG (1.2).37 These values are sub-
stantially less than 2.6–2.8 radicals scavenged per molecule, and
both compounds are poorer antioxidants than BHT (2.0), which
has only one phenol hydroxyl group. SECO was also found to be
a comparable radical scavenger to a monophenolic analogue, 2-
methoxy-4-methylphenol, using the Ferric Reducing/Antioxidant
Power (FRAP) assay.32 Data from a recent study by Eklund38
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Fig. 1 Structures of the major flaxseed lignans secoisolariciresinol
(SECO) 1 and secoisolariciresinol diglucoside (SDG) 2 (Glc = glucose),
the minor lignan matairesinol (MAT) 3, and their mammalian metabolites,
enterodiol (END) 4 and enterolactone (ENL) 5.

also suggests that lignan antioxidant capacity may not be directly
related to the number of phenol hydroxyl groups per molecule.

The value for antioxidant scavenging of diphenylpicrylhydrazyl
(DPPH) radicals by SECO is 2.3 times greater than BHT and
1.5 times greater than MAT,38 indicating that the two primary
hydroxyl groups on the butyl chain of SECO may also contribute
to radical scavenging. Lignans with primary hydroxyl groups
were also more effective inhibitors of radical oxygen species
generated by polymorphonuclearleukocytes (PMNL-CLs)31 and
radical scavenging measured by the FRAP assay.32 Inhibition of
ammonium thiocyanate-mediated lipid peroxidation of linoleic
acid showed that at 100 lM lignan, END was superior to ENL;
however, at lower concentrations (10 lM) ENL was the superior
antioxidant.39

This study is based on two hypotheses: (i) only one phenol per
lignan molecule contributes to the radical-scavenging antioxidant
capacity and (ii) primary alcohols on the butyl chain are involved
in the antioxidant reactions of lignans. The first objective of
this study was to determine the antioxidant reaction products
for SECO and SDG using a model radical-generating system. A
second objective was to determine whether the reaction products
obtained could explain the difference in antioxidant stoichiom-
etry between SECO and SDG, specifically whether the primary

alcohols were involved in the antioxidant reactions.37 The radical
initiator AAPH was used by this group in the determination of
the stoichiometric ratios of SECO and SDG.37 AAPH undergoes
thermal decomposition in solution to produce two carbon-
centred amidino propane (AP) radicals, which can add O2 to
form a peroxyl radical, although carbon-centred radicals usually
predominate. AAPH has solubility properties which allowed study
of both SECO and SDG in the same reaction system, and it does
not possess a chiral centre. This type of model system allows
for study of the major radical-scavenging reactions of phenolic
antioxidants.38,40 The major AAPH reaction products of SECO
and SDG were collected and their structures determined. This
investigation differs in several ways from the earlier study reported
by Eklund:38 the oxidation products for SDG were determined as
well as those for SECO, a time-course for the reaction of the
lignans with AAPH was performed and a shorter reaction time
was used (5 h vs. 72 h), allowing for the identification of transient
products that could be involved in the antioxidant reactions.

Results and discussion

Products of AAPH-mediated oxidation of flaxseed lignans

The progress of the AAPH-mediated oxidations was monitored
by HPLC–UV (280 nm), and the peak areas of the major HPLC
peaks were plotted against time. There were 5 major peaks for
SECO (Fig. 3a) and 4 major peaks for SDG (Fig. 4a). The
incubations were terminated after 5 h (SECO) and 4 h (SDG)
when approximately 10% of the starting material remained and
it became difficult to observe the starting lignans in the HPLC
baseline. For SECO, two of the major HPLC peaks were more
polar than SECO (6, 10) and three were less polar (7, 8, 9).
Compounds 8 and 9 formed rapidly and began to decompose after
90 min, whereas compounds 6, 7 and 10 formed slowly throughout
the time-course until the reaction was terminated. For SDG, two
of the compounds formed were more polar than SDG (11, 12) and
two compounds were less polar (13, 14). Compound 13 formed
rapidly and began to decompose after 20 min, whereas compounds
11, 12 and 14 formed more gradually through the incubation,
with 12 being the major product after 4 h. The oxidation products
for both reactions were collected by semi-preparative HPLC and
their structures determined using NMR and MS. Additional
minor oxidation products were not collected. Approximately
10% of SECO-containing oxidation products and 29% of SDG-
containing oxidation products were lost during purification.

Additional AAPH-mediated oxidations were carried out on
transient products formed during the initial incubations. An
AAPH-mediated oxidation of 8 resulted in the formation of
compounds 9, 10 and SECO (Fig. 3b). This experiment could
not be carried out with compound 9 due to a lack of product.
An AAPH-mediated oxidation of 13 resulted in the formation of
compound 12 and SDG (Fig. 4b).

Products from phenol OH oxidation

The SECO oxidation products 6 and 7 (Fig. 5) and all four of
the SDG oxidation products (Fig. 6) resulted from oxidation of
a phenol hydroxyl.41 Products 6 and 7 were determined to be the
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Fig. 2 Proposed antioxidant reactions of SECO/SDG.

same as previously identified AAPH reaction products.38 Products
6 and 12 both result from substitution of AP for a phenol hydrogen
on SECO and SDG, respectively. The SECO oxidation product 7
and the early forming SDG product 13 are C-5–C-5 dimers of
SECO and SDG, respectively. Compounds 6, 7, 12, 13 and 14 are
all consistent with the antioxidant products predicted in Fig. 2 and
should provide net radical scavenging.

The SDG dimer 13 decomposes to the AP substitution product
12 and SDG under oxidative conditions, whereas the SECO
carbon–carbon dimer 7 appears stable. This suggests that an
unexpected oxidative cleavage of the carbon–carbon bond in 13
occurs and that SDG is recycled, which may further contribute
to the radical scavenging properties of SDG. A similar reaction,
the conversion of the di-phenol dihydrodivanillin to the phenol
vanillin has been reported (Fig. 7), although this reaction was
catalyzed by a fusant of Fusobacterium varium and Enterococcus
faecium (FE7).42 The initial carbon–carbon dimerization products
(7 and 13) would possess a di-keto structure that isomerizes to
the more stable aromatic ring.43 Thus, it is tempting to rationalize
this oxidative carbon–carbon bond cleavage as occurring via the
di-keto structure 13a (Fig. 8), although the carbon–carbon bond
lengths for 13 and 13a would be comparable.44,45 It is not clear why
7, the SECO carbon–carbon dimer, does not decompose via this
pathway, although the steric bulk of the glucose groups in 13 may
be destabilising. Due to the limited amount of product isolated,
an AAPH-mediated oxidation of 7 could not be performed to

determine if this is a general phenomenon. Synthetic pathways
that would produce larger quantities of 7 would aid in further
study of this intermediate.

The ESI-MS spectrum of compound 11 (m/z 717 [M − H]−,
718 [M + H]+) was consistent with the addition of two oxygen
atoms. NMR experiments indicated that 11 was nearly identical
to the NMR spectrum for SDG, with small downfield shifts in the
13C spectrum at the 2, 4 and 5 carbons. A peroxide test revealed
1.7 ± 1.9 peroxide equivalents per mole, suggesting two peroxide
groups in the molecule (Fig. 6). Although peroxides are frequently
unstable, 11 appears to be stable under these reaction conditions.
In spite of this stability, 11 could still have a pro-oxidant effect.
Compound 11 is the only product in this study in which both
phenoxyl groups undergo reaction. It is worth noting that 11 could
not be detected from the oxidation of 13, which is surprising,
as liberation of SDG from 13 should have led to formation of
11. Compound 11 appears as a shoulder of 12 on the HPLC
chromatogram and may not have been sufficiently resolved in the
oxidation of 13.

The mass spectrum of compound 14 (m/z 701 [M − H]−),
indicates the addition of an oxygen atom to SDG. NMR revealed
that one of the aromatic rings remained unchanged while the other
possessed a carbonyl carbon at C-4 (d 171). Downfield shifts for
C-2, C-3, C-5 and C-6, and a large upfield shift at C-1 (d 133.9
to d 73.4) were indicative of a cyclohexadienone structure with a
hydroxyl substituted at C-1.
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Fig. 3 (a) Graph of product formation versus time for the reaction
of secoisolariciresinol (0.01 mol dm−3) and AAPH (0.1 mol dm−3) in
acetonitrile at 60 ◦C. Each time point represents the HPLC–UV peak
area at 280 nm. Error bars are standard deviations from the mean for
at least 3 replicates. Compound 6 (Rt 18.6 min,�), 7 (Rt 26.7 min, �), 8
(Rt 25.6 min, �), 9 (Rt 28.9 min, �), 10 (Rt 19.6 min, �). (b) Graph of
product formation versus time for the reaction of 8 (0.01 mol dm−3) and
AAPH (0.1 mol dm−3) in acetonitrile at 60 ◦C. Each time point represents
the HPLC–UV peak area at 280 nm. Error bars are standard deviations
from the mean for at least 3 replicates. SECO (Rt 21.4 min, �), 9 (Rt

28.9 min, �), 10 (Rt 19.6 min, �).

Eklund reported two additional products not observed in
this study, a dimethyl furanone of SECO (15), formed from
further reaction of compound 6, and lariciresinol 16 (Fig. 9).38

Lariciresinol was not observed in the present study, although it
is possible that small amounts may have been formed but not
detected under the analytical conditions used. NMR data was
previously presented only for the dimethyl furanone of SECO;
therefore, the present study is the first to provide unambiguous
evidence for the structures of the products of AAPH-mediated
oxidation of SECO.

Products from alcohol OH oxidation

Mass spectral data for the transient intermediate 8 (m/z 721
[M − H]−, 723 [M + H]+) suggested that compound 8 may also be
a dimer of SECO. In contrast to compound 7, no loss of proton
signals was observed in the aromatic or aliphatic regions. The
13C signals for aliphatic carbons C-7, C-8 and C-9 were shifted
downfield with respect to the same carbons in SECO, and are

Fig. 4 (a). Graph of product formation versus time for the reaction
of SDG (0.01 mol dm−3) and AAPH (0.1 mol dm−3) in acetonitrile at
60 ◦C. Each time point represents the HPLC–UV peak area at 280 nm.
Error bars are standard deviations from the mean for at least 3 replicates.
Compound 11 (Rt 12.1 min,�), 12 (Rt 12.9 min, �), 13 (Rt 14.3 min, �),
14 (Rt 17.0 min, �). (b) Graph of product formation versus time for the
reaction of 13 (0.01 mol dm−3) and AAPH (0.1 mol dm−3) in acetonitrile
at 60 ◦C. Each time point represents the HPLC–UV peak area at 280 nm.
Error bars are standard deviations from the mean for at least 3 replicates.
12 (Rt 12.9 min, �), 13 (Rt 14.3 min, �), SDG (Rt 13.3 min, �).

consistent with the formation of a dimer of SECO linked by an
O–O bond between alcohol groups (Fig. 10). The time-courses
for oxidation of both SECO and 8 indicate the aliphatic peroxyl
linkage is only moderately stable under these reaction conditions.

ESI-MS results for compound 9 (m/z 393 [M − H]−, 395
[M + H]+) indicate the addition of two oxygen atoms to SECO. The
NMR results showed that the compound maintained the symme-
try seen with SECO. Downfield 1H and 13C chemical shifts at
positions 7, 8 and 9, compared to SECO, suggest the formation of
two aliphatic peroxides (1.8 ± 0.1 peroxide equivalents). Finally,
compound 10 (m/z 477 [M − H]−, 479 [M + H]+) is consistent
with the substitution of an AP on one phenol and the presence of
two aliphatic peroxides (1.7 ± 0.09 peroxide equivalents). NMR
data showed that the 1H and 13C signals at the alkyl positions 8
and 9 for product 10 are shifted downfield from the same positions
in 6.

Compounds 8, 9 and 10 differ from any of the other oxidation
products observed in this or previous studies38 in that they are
derived from an alkoxyl radical (1c, Fig. 10). This is surprising,
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Fig. 5 Proposed pathway for the formation of AAPH-mediated aromatic oxidation products of secoisolariciresinol.

given that the O–H bond energy of an aliphatic alcohol (ca.
104 kcal mol−1)46 is much greater than that for a phenol O–H
(ca. 73 kcal mol−1).47 The SECO alkoxyl radical 1c could be
formed either by direct H• abstraction or by deprotonation
followed by a one-electron oxidation. Since ionized O–H bonds are
more susceptible to oxidation, intramolecular hydrogen-bonding
between the aliphatic alcohols may contribute to this process
by decreasing the pKa of the alcohol.48 Alternatively, 1c may be
formed by an intramolecular or intermolecular H• transfer from
the aliphatic hydroxyl to a phenoxyl radical 1a. Products 9 and
10 are most likely formed by further oxidation of 1c, with the
additional oxygen atoms derived from either solvent (H2O) or
atmosphere (O2). The data in Fig. 3a and 3b suggest that an AP
radical adds to the phenoxyl radical of 9 (9a, Fig. 10) to yield
10, as opposed to initial formation of 6 followed by subsequent
oxidation of the aliphatic alcohols. Alkoxyl radical formation may
provide an explanation for the greater stability of 7 compared
to 13, as alkoxyl radical formation in 7 may compete with the
carbon–carbon bond cleavage reaction.

The alkoxyl radical-derived products found for SECO, but not
for SDG, may contribute to the greater antioxidant capacity
observed for SECO in the inhibition of AAPH-mediated lipid
oxidation.37 Even though the SECO peroxyl dimer 8 is transient

under these conditions, its rapid formation may result in a
significant contribution to the initial inhibition of lipid oxida-
tion. Regeneration of SECO from 8 may further contribute to
antioxidant ability over a longer duration of time. Even though
lipid alkoxyl radicals have been reported to be 104–106 times more
reactive towards hydrogen atom abstraction than a lipid peroxyl
radical,47 the stoichiometric results for lignans with and without
the butyl chain alcohols suggest that alkoxyl radical formation
of these lignans is not pro-oxidant. The alkyl–peroxyl oxidation
products, 9 and 10, might also be expected to provide a pro-
oxidant effect. However, the primary breakdown product of the
di-alkyl peroxide 9 is the AP substituted di-alkyl peroxide 10,
which was shown to be stable under the reaction conditions.
There was no indication that the peroxide groups on 9 and 10
were involved in further reactions, although this system was not
designed to measure redox cycling reactions, a potential fate for
these compounds.

Conclusion

The results in the present study combined with data from the
literature suggest that the difference in antioxidant stoichiometry
between SDG and SECO is less dependent on the difference in
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Fig. 6 Proposed pathway for the formation of AAPH-mediated SDG oxidation products.

Fig. 7 Enzyme-mediated carbon–carbon bond cleavage in the conversion of dihydrodivanillin to vanillin.42

solubility, and more dependent on the participation of the pri-
mary alcohol groups on SECO in radical-scavenging antioxidant
reactions. One previous antioxidant study suggested that steric
hindrance from the glucose groups on SDG may interfere with
radical scavenging by the phenol hydroxyl groups, a possibility that
cannot discounted as a contributing factor.39 No products arising
from oxidation of the alcohol groups on SECO were reported by
Eklund, which was likely due to the longer reaction time (72 h
vs. 5 h in the present study) which would favour formation of the
more stable, phenol radical-derived oxidation products.38 It would
be useful to further determine how the aliphatic hydroxyl groups
on SECO contribute to antioxidant stoichiometry and radical
scavenging reactions by blocking the phenol or the alcohol groups
on SECO.

The antioxidant stoichiometries for both SECO and SDG using
AAPH to catalyze lipid peroxidation are far below the predicted
ideal values.37 The results from the present study confirm that the
stoichiometric ratios for both lignans cannot be predicted based
on the total number of phenol OH groups, as only one phenol
per lignan molecule is involved in radical scavenging reactions.
Most of the oxidation products in the present study are stable and
seem resistant to oxidation of the second phenol. This could be the
result of an intramolecular interaction between the oxidized and
reduced phenol rings which somehow prevents further oxidation,
although this would require further investigation. It is worth
noting that when DDPH scavenging was used as a measure of
lignan stoichiometry, the stoichiometric factor of 4.5 for SECO
more closely agrees with the predicted stoichiometry.38 This may
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Fig. 8 Proposed pathway for the AAPH-mediated decomposition of SDG dimer 12.

Fig. 9 Compounds 15 and 16 as identified by Eklund38 from the
AAPH-mediated oxidation of SECO in 1 : 1 THF–H2O (70 ◦C, 72 h).

indicate that reaction with the stable DPPH radical is a better
measure of the total number of oxidizable hydrogen atoms per
molecule than the AAPH method.

Fujisawa et al. used AIBN to measure the antioxidant sto-
ichiometries of C-5–C-5 dimers of 2-methoxyphenols such as
eugenol (2.58) and 2-methoxy-4-methylphenol (2.56), finding
them to be approximately twice that of the mono-phenols.35 This
suggests that dimers 7 and 13 from this study may also contribute
to the antioxidant stoichiometry of SECO and SDG, respectively.
Further study of the antioxidant properties of these metabolites
will be necessary to determine whether the lignan dimers behave
in a similar manner. It would also be valuable to determine
whether dissociation of the carbon–carbon dimers is a general
phenomenon under oxidative conditions, by studying 6 and model
compounds such as the dimer of 2-methoxy-4-methylphenol.

Experimental

Chemicals and reagents

Secoisolariciresinol and SDG were isolated and purified from
flaxseed as previously reported.49 (R,R)-(+)-SECO ([a]22

D = +35
(c 0.20, methanol) and (R,R)-(+)-SDG ([a]22

D = +0.02 (c 0.20,
methanol) were >99% pure by analytical high-performance liquid-
chromatography (HPLC). Optical rotation was measured on a
Jasco P-1010 polarimeter (glass cell, length: 100 mm) (Jasco Corp.,
Tokyo, Japan). 2,2′-Azobis(2-amidinopropane) dihydrochloride
(AAPH) was obtained from Monomer, Polymer and Dajac Inc.
(Feasterville, PA). Hydrogen peroxide, ammonium thiocyanate,
ferrous chloride, formic acid, trifluoroacetic acid and deuterated
methanol (CD3OD) were purchased from Sigma-Aldrich Canada
(Oakville, ON). Methanol and acetonitrile were HPLC grade
(EMD Chemicals, Norwood, OH). All other solvents were ana-
lytical grade. Water was purified using a Millipore Super-Q water
system with one carbon cartridge followed by two ion exchange
cartridges (Millipore Corp., Billerica, MA).

Liquid chromatography–mass spectrometry (LC-MS) analysis

LC-MS was performed with a Quattro-LC instrument (Micromass
UK Limited, Manchester, UK) equipped with an electrospray
(ES) source in both positive and negative modes using acetonitrile
as mobile phase. LC analysis was performed applying the same
gradient as analytical HPLC except 0.05% formic acid was used
instead of 0.05% trifluoroacetic acid.

NMR analysis

NMR data was obtained on a Bruker AVANCE DPX-500
spectrometer operating at 500 MHz and 125 MHz for proton
and carbon, respectively. CD3OD was used as solvent. Residual
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Fig. 10 Proposed pathway for the formation of AAPH-mediated aliphatic oxidation products of secoisolariciresinol.

signals from CD3OD (3.30 ppm (1H) and 49.0 ppm (13C)) served as
internal standards. Programs for 2-D experiments were available
from the software package XWINNMR, provided by Bruker.
COSY, HMQC and HMBC experiments were performed with
gradient pulses. The Distortionless Enhancement by Polarization
Transfer (DEPT) experiment together with 2-dimensional-NMR
(2D-NMR) experiments including: Correlation Spectroscopy
(COSY), Heteronuclear Multiple Quantum Correlation (HMQC),
Heteronuclear Multiple Bond Correlation (HMBC) and Nuclear
Overhauser Effect Spectroscopy (NOESY) experiments were
performed with gradient pulses.

Oxidation of SECO and SDG with AAPH

Oxidation of SECO or SDG was performed based on modifica-
tions of a method in the literature.40 Pilot studies were carried out
to optimize the reaction conditions for AAPH-catalyzed oxidation
of SECO and SDG. A time-course study up to 72 h was performed,
and it was determined that >90% of SECO and SDG had been
consumed after 5 h and 4 h respectively, and sufficient amounts of

the major oxidation products were observed to allow for isolation
and purification. Briefly, SECO or SDG (final concentration
0.01 M) was dissolved in CH3OH–H2O (50 : 50 , v/v) and
incubated with AAPH (final concentration 0.1 M) also dissolved
in CH3OH–H2O (50 : 50, v/v) at 60 ◦C, using 10 mL screw-capped
test tubes fitted with rubber septa. The progress of the reaction was
monitored using analytical HPLC (see below). Aliquots (20 lL)
were removed through the septum via syringe at 5.0 min intervals
for 1 h, and at 30.0 min intervals to the end of the reaction. Aliquots
were analyzed directly by HPLC. Incubations were carried out
until approximately 10% of the starting material remained and
significant levels of oxidation products were observed (5 h for
SECO, 4 h for SDG). AAPH in the absence of SECO or SDG
was used as control. The AAPH-mediated oxidations of both
SECO and SDG were scaled up (by a factor of 30) in order to
collect sufficient quantities of each oxidation product for further
purification and structural determination. The 10 : 1 ratio of
AAPH–SECO or AAPH–SDG was maintained. The SECO–
AAPH reaction was heated in the dark at 60 ◦C for 5 h, using a
shaking water bath. The SDG–AAPH reaction was heated in the
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dark at 60 ◦C for 4 h, using a shaking water bath. The oxidation
products were isolated and purified using preparative and semi-
preparative HPLC (see below). LC-MS and NMR were used for
structural characterization.

Analytical HPLC

Reaction progress of both SECO and SDG oxidations was
monitored using an Alliance HPLC (Waters Inc., Milford, MA) on
a symmetry C18 reverse-phase column (3 × 150 mm, 5 lm, Waters
Inc.). Mobile phase consisted of 0.05% trifluoroacetic acid in H2O
(solvent A) and 0.05% trifluoroacetic acid in acetonitrile (solvent
B). Gradient elutions were used at a flow rate at 0.4 mL min−1.
SECO gradient: 90% A for 10 min, decreasing to 60% A over
20 min, then decreasing to 40% A over 10 min, returning to 90% A
over 10 min and isocratic at 90% A for 5 min. SDG gradient: 90% A
for 5 min, decreasing to 60% A over 15 min, returning to 90% A
over 10 min and isocratic at 90% A for 5 min. Peaks were detected
at 280 nm using a 996 UV-Vis photodiode array detector (Waters
Inc.). Full spectral scans (200–400 nm) were also collected.

Preparative HPLC

Separations were performed on a C18 (Prep Nova-Pak R©, Waters
Inc.), 6 lm, 250 × 10 mm reverse-phase column with a flow
rate of 20 mL min−1; other parameters were similar to the
analytical HPLC conditions with the exception of using methanol
instead of acetonitrile. For the SECO oxidation, 23 fractions
were collected; fractions 2–6 and 17–22 were enriched with the
compounds of interest. These enriched fractions were subjected to
further purification using semi-preparative HPLC. For the SDG
oxidation, only semi-preparative HPLC was necessary for the
isolation of oxidation products.

Semi-preparative HPLC

Separations were performed on a C18, 5 lm, 300 × 10 mm reverse
phase column with a flow rate of 3.0 mL min−1. Gradient elutions
were used to isolate both SECO and SDG oxidation products;
other parameters were similar to the analytical HPLC protocol.
SECO gradient: 80% A for 10 min, decreasing to 60% A over
40 min, isocratic for 5 min, then decreasing to 20% A over 5 min,
isocratic for 1 min and returning to 80% A over 4 min.

Peroxide value test

Peroxides were determined using an ammonium thiocyanate
assay.50 The assay was conducted by adding 2.5 mL of 75%
ethanol, 0.05 mL of ammonium thiocyanate solution (30% w/v
in H2O), and 0.05 mL of ferrous chloride (0.1% w/v in H2O)
to 100 lL of sample in ethanol. In a 3 mL test tube, the mixed
solution was incubated at room temperature (23 ◦C) in the dark
for 3 min. The absorbance of the reaction mixture was measured at
500 nm against 75% ethanol as a blank. Peroxide concentrations
were determined according to the equation obtained from the
standard curve of H2O2. To obtain the standard curve, H2O2 at
concentrations ranging from 5–40 lg mL−1 were added to the
reaction mixture in a reference cell consisting of 2.5 mL of 75%
ethanol, 0.05 mL of ammonium thiocyanate solution (30% w/v
in H2O), and 0.05 mL of ferrous chloride to a final volume of

3 mL. Peroxides were calculated from the ratio of concentration of
each sample to reference. Results are an average of four individual
readings (from four separate tubes) at 500 nm, using a UV-Vis
spectrophotometer (Agilent 8453, Canada) with Agilent Chem
Station software.

AAPH/lignan oxidation products

Secoisolariciresinol 4-O-(1-amidinopropyl) adduct (6). ESI-
MS m/z 445 (80%) [M − H]−, 447 (40%) [M + H]+, kmax

(CH3OH)/nm 202, 258 (e/dm3 mol−1 cm−1 3694). dH (500 MHz,
CD3OD) 1.56 (6H, s, AP CH3), 1.91 (1H, br s, H-8), 1.96 (1H, br s,
H-8′), 2.63 (2H, m, H-7′), 2.68 (2H, m, H-7), 3.59 (2H, m, H-9),
3.61 (2H, dd, J = 4.5 Hz, 10.5 Hz, H-9′), 3.69 (3H, s, 3′-OCH3),
3.71 (3H, s, 3-OCH3), 6.51 (1H, br d, J = 8.0 Hz, H-6′), 6.64 (1H,
d, J = 7.9 Hz, H-5′), 6.65 (1H, br s, H-2′), 6.67 (1H, br d, J =
8.2 Hz, H-6), 6.73 (1H, br s, H-2), 6.91 (1H, d, J = 8.0 Hz, H-5).
dC (125 MHz, CD3OD) 28.1 (AP CH3), 36.0 (C-7′), 36.2 (C-7),
44.0 (C-8′), 44.5 (C-8), 56.2 (3-OCH3), 56.3 (3′-OCH3), 62.0 (C-9),
62.2 (C-9′), 80.1 (AP C=N), 113.5 (C-5′), 115.1 (C-2), 115.9 (C-
2′), 122.6 (C-6′), 124.6 (C-6), 125.1 (C-5), 133.9 (C-1′), 140.8 (C-1),
140.8 (C-4), 145.4 (C-4′), 148.8 (C-3′), 154.1 (C-3), 176.6 (AP C-2).

Secoisolariciresinol C-5a dimer (7). ESI-MS m/z 721 (100%)
[M − H]−, 723 (30%) [M + H]+, kmax (CH3OH)/nm 206, 280
(e/dm3 mol−1 cm−1 6412 l). dH (500 MHz, CD3OD) 1.95 (4H, br
t, J = 6.1 Hz, H-8,8′, 8′′, 8′′′), 2.58 (4H, m, H-7′,7′′′), 2.60 (4H, m,
H-7,7′′), 3.60 (8H, dd, J = 4.5, 10.5 Hz, H-9,9′,9′′,9′′′), 3.66 (6H, s,
3′-OCH3, 3′′′-OCH3), 3.77 (6H, s, 3-OCH3, 3′′-OCH3), 6.47 (2H,
dd, J = 1.5, 8.0 Hz, H-6′,6′′′), 6.54 (2H, d, J = 1.5 Hz, H-6,6′′), 6.54
(2H, d, J = 1.5 Hz, H-2′,2′′′), 6.59 (2H, d, J = 8.0 Hz, H-5′,5′′′),
6.60 (2H, d, J = 1.5 Hz, H-2, 2′′). dC (125 MHz, CD3OD) 36.0 (C-
7′,7′′′), 36.2 (C-7,7′′), 44.0 (C-8,8′′), 44.1 (C-8′,8′′′), 56.2 (3′-OCH3,
3′′′-OCH3), 56.4 (3-OCH3, 3′′-OCH3), 62.1 (C-9, 9′,9′′,9′′′), 113.3
(C-5′,5′′′), 115.8 (C-2′,2′′′), 115.9 (C-2,2′′), 122.7 (C-6′,6′′′), 123.2
(C-6,6′′), 127.0 (C-5,5′′), 133.4 (C-1′,1′′′), 133.8 (C-1,1′′), 145.4 (C-
4′,4′′′), 146.7 (C-4,4′′), 148.8 (C-3′,3′′′), 149.3 (C-3,3′′).

Secoisolariciresinol peroxyl dimer (8). ESI-MS m/z 721 (100%)
[M − H]−, 723 (50%) [M + H]+, kmax (CH3OH)/nm 206, 280,
(e/dm3 mol−1 cm−1 6413). dH (500 MHz, CD3OD) 1.83 (2H, br
t, J = 6.1 Hz, H-8′,8′′′), 2.20 (2H, t, J = 6.1 Hz, H-8,8′′), 2.62
(4H, m, H-7, 7′,7′′,7′′′), 3.61 (4H, dd, J = 4.7, 10.8 Hz, H-9′,9′′′),
3.65 (4H, dd, J = 4.5, 10.5 Hz, H-9,9′′) 3.69 (6H, s, 3′-OCH3, 3′′′-
OCH3), 3.77 (6H, s, 3-OCH3, 3′′-OCH3), 6.47 (2H, dd, J = 1.5,
8.0 Hz, H-6′,6′′′), 6.48 (2H, d, J = 1.5 Hz, H-6,6′′), 6.54 (4H, d, J =
1.5 Hz, H-2, 2′,2′′,2′′′), 6.58 (4H, d, J = 8.0 Hz, H-5,5′,5′′,5′′′). dC

(125 MHz, CD3OD) 36.0 (C-7′,7′′′), 39.9 (C-7,7′′), 44.6 (C-8′,8′′′),
47.6 (C-8,8′′), 56.4 (3′-OCH3, 3′′′-OCH3), 56.5 (3-OCH3, 3′′-OCH3),
62.2 (C-9′,9′′′), 74.4 (C-9,9′′), 113.1 (C-5′,5′′′), 113.2 (C-5,5′′), 115.5
(C-2,2′′), 115.8 (C-2′,2′′′), 122.5 (C-6′,6′′′), 122.6 (C-6,6′′), 133.6 (C-
1,1′′), 133.9 (C-1′,1′′′), 145.4 (C-4,4′,4′′,4′′′), 148.8 (C-3′,3′′′), 149.3
(C-3,3′′).

Secoisolariciresinol peroxide (9). ESI-MS m/z 393 (30%)
[M − H]−, 395 (10%) [M + H]+, kmax (CH3OH)/nm 202, 280
(e/dm3 mol−1 cm−1 3209). dH (500 MHz, CD3OD) 2.20 (2H, m,
H-8,8′), 2.61 (4H, m, H-7,7′), 3.65 (6H, OCH3), 4.35 (2H, dd, J =
4.9, 11.1 Hz, H-9b,9′b), 4.42 (2H, dd, J = 5.0, 11.0 Hz, H-9a,9′a),
6.60 (2H, d, J = 8.0 Hz, H-5,5′), 6.64 (2H, d, J = 2.0 Hz, H-2,2′),
6.65 (2H, dd, J = 2.0, 8.0 Hz, H-6,6′). dC (125 MHz, CD3OD)
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39.0 (C-7a,7′a,7b,7′b), 47.7 (C-8,8′), 56.3 (OCH3), 74.3 (C-
9a,9′a,9b,9′b), 113.4 (C-5,5′), 115.6 (C-2,2′), 124.8 (C-6,6′), 133.6
(C-1,1′), 145.5 (C-4, 4′), 148.8 (C-3,3′).

Secoisolariciresinol peroxide, 4-O-(1-amidinopropyl) adduct (10).
ESI-MS m/z 477 (100%) [M − H]−, 479 (30%) [M + H]+, kmax

(CH3OH)/nm 202, 266 (e/dm3 mol−1 cm−1 3795). dH (500 MHz,
CD3OD) 1.56 (6H, s, AP CH3), 2.18 (2H, m, H-8,8′), 2.73 (2H, m,
H-7′), 2.74 (2H, m, H-7), 3.70 (2H, m, H-9), 3.70 (3H, s, 3′-OCH3),
3.71 (3H, s, 3-OCH3), 3.75 (2H, m, 9′), 6.54 (1H, br d, J = 8.0 Hz,
H-6′), 6.65 (1H, d, J = 7.9 Hz, H-5′), 6.66 (1H, br s, H-2′), 6.69
(1H, br d, J = 8.2 Hz, H-6), 6.71 (1H, br s, H-2), 6.92 (1H, d, J =
8.0 Hz, H-5). dC (125 MHz, CD3OD) 28.1 (AP CH3), 40.0 (C-7),
40.1 (C-7′), 47.6 (C-8), 47.7 (C-8′), 56.2 (3-OCH3), 56.3 (3′-OCH3),
74.3 (C-9, 9′), 80.1 (AP C=N), 113.4 (C-5′), 114.9 (C-2), 115.8 (C-
2′), 124.5 (C-6), 124.7 (C-6′), 125.3 (C-5), 133.8 (C-1′), 140.8 (C-1),
141.5 (C-4), 145.5 (C-4′), 148.8 (C-3′), 154.2 (C-3), 176.6 (AP C-2).

SDG peroxide (11). ESI-MS m/z 717 (100%) [M − H]−, 719
(30%) [M + H]+, kmax (CH3OH)/nm 202, 269 (e/dm3 mol−1 cm−1

3208). dH (500 MHz, CD3OD) 2.11 (2H, t, J = 5.6 Hz, H-8,8′),
2.59 (2H, dd, J = 8.3, 13.7 Hz, H-7a,7a′), 2.66 (2H, dd, J = 6.5,
13.7 Hz, H-7b,7b′), 3.10–3.90 (glucose), 3.46 (2H, dd, J = 5.4,
9.8 Hz, H-9a,9a′), 3.71 (3H, s, OCH3), 4.05 (2H, dd, J = 5.4,
9.8 Hz, 9b,9b′), 4.21 (2H, d, J = 7.7 Hz, glucose—anomeric H),
6.54 (2H, dd, J = 2.0, 8.0 Hz, H-6,6′), 6.57 (2H, d, J = 2.0 Hz, H-
2,2′), 6.63 (2H, d, J = 8.0 Hz, H-5,5′). dC (125 MHz, CD3OD) 35.3
(C-7a,7a′), 35.6 (C-7b,7b′), 41.2 (C-8,8′), 56.3 (OCH3), 62.8–78.2
(glucose), 71.2 (9a,9a′,9b,9b′), 104.7 (glucose—anomeric carbon),
114.8 (C-2,2′), 117.1 (C-5,5′), 123.1 (C-6,6′), 133.9 (C-1,1′), 149.4
(C-4,4′), 149.7 (C-3,3′).

SDG 4-O-(1-amidinopropyl) adduct (12). ESI-MS m/z 771
(100%) [M + H]+, kmax (CH3OH)/nm 206, 280 (e/dm3 mol−1 cm−1

3765). dH (500 MHz, CD3OD) 1.56 (6H, s, AP CH3), 1.91 (1H,
br s, H-8), 1.96 (1H, br s, H-8′), 2.63 (2H, m, H-7′), 2.68 (2H, m,
H-7), 3.59 (2H, m, H-9), 3.61 (2H, dd, J = 4.5 Hz, 10.5 Hz, H-9′),
3.69 (3H, s, 3′-OCH3), 3.73 (3H, s, 3-OCH3), 6.51 (1H, br d, J =
8.0 Hz, H-6′), 6.64 (1H, d, J = 7.9 Hz, H-5′), 6.65 (1H, br s, H-2′),
6.67 (1H, br d, J = 8.2 Hz, H-6), 6.73 (1H, br s, H-2), 6.91 (1H,
d, J = 8.0 Hz, H-5). dC (125 MHz, CD3OD) 28.0 (AP CH3), 35.5
(C-7′), 35.8 (C-7), 41.2 (C-8′), 41.4 (C-8), 56.0 (3-OCH3), 56.1 (3′-
OCH3), 62.7–78.1 (9,9′-glucose carbons), 70.7 (C-9), 71.0 (C-9′),
80.1 (AP C=N), 104.4 (9′-O-glucose—anomeric carbon), 104.6
(9-O-glucose—anomeric carbon), 113.8 (C-2′), 114.1 (C-5′), 114.6
(C-2), 122.7 (C-6′), 124.8 (C-6), 124.9 (C-5), 133.9 (C-1′), 140.7
(C-1), 145.3 (C-4′), 146.1 (C-4), 148.6 (C-3′), 154.0 (C-3), 176.5
(AP C-2).

SDG C-5a dimer (13). ESI-MS m/z 1371 (100%) [M −
H]−, kmax (CH3OH)/nm 202, 281 (e/dm3 mol−1 cm−1 6405). dH

(500 MHz, CD3OD) 2.1 (4H, br t, J = 6.1 Hz, H-8,8′,8′′,8′′′), 2.61
(2H, m, H-7′,7′′′), 2.63 (2H, m, H-7,7′′), 3.1–3.90 (glucose), 3.43
(4H, dd, J = 4.7, 10.8 Hz, H-9b,9b′,9b′′,9b′′′), 3.71 (6H, s, 3′-OCH3,
3′′′-OCH3), 3.73 (6H, s, 3-OCH3, 3′′-OCH3), 4.04 (4H, dd, J = 4.5,
10.5 Hz, H-9a,9a′,9a′′,9a′′′), 4.24 (1H, d, J = 7.7 Hz, 9-O-glucose—
anomeric H), 4.28 (1H, d, J = 7.7 Hz, 9′-O-glucose—anomeric H),
6.57 (2H, dd, J = 1.5, 8.0 Hz, H-6′,6′′′), 6.58 (2H, d, J = 1.5 Hz,
H-2′,2′′′), 6.61 (2H, d, J = 1.5 Hz, H-6,6′′), 6.64 (2H, d, J =
8.0 Hz, H-5′,5′′′), 6.65 (2H, d, J = 1.5 Hz, H-2,2′′). dC (125 MHz,
CD3OD) 35.5 (C-7′,7′′′), 35.6 (C-7,7′′), 41.3 (C-8, 8′,8′′,8′′′), 56.2 (3′-

OCH3, 3′′′-OCH3), 56.5 (3-OCH3, 3′′-OCH3), 62.8–78.2 (glucose),
71.2 (C-9,9′,9′′,9′′′), 104.7 (glucose—anomeric carbon), 113.6 (C-
2′,2′′′), 115.6 (C-2,2′′), 115.8 (C-5′,5′′′), 122.9 (C-6′,6′′′), 125.4 (C-
6,6′′), 126.9 (C-5,5′′), 134.0 (C-1,1′,1′′,1′′′), 145.4 (C-4′,4′′′), 146.5
(C-4,4′′), 148.8 (C-3′,3′′′), 149.3 (C-3,3′′).

SDG 4-OH-dienone adduct (14). ESI-MS m/z 701 (100%)
[M − H]−, kmax (CH3OH)/nm 202, 276 (e/dm3 mol−1 cm−1 3209). dH

(500 MHz, CD3OD) 2.11 (1H, br s, H-8′), 2.25 (1H, br s, H-8), 2.61
(1H, m, H-7′), 2.67 (1H, m, H-7), 3.11–3.91 (glucose), 3.59 (2H, m,
H-9), 3.61 (2H, dd, J = 4.5, 10.5 Hz, H-9′), 3.72 (3H, s, 3′-OCH3),
3.74 (3H, s, 3-OCH3), 4.04 (1H, m, 9-O-glucose—anomeric H),
4.23 (1H, m, 9′-O-glucose—anomeric H), 6.54 (1H, br d, J =
8.0 Hz, H-6′), 6.60 (1H, br d, J = 8.2 Hz, H-6), 6.61 (1H, d, J =
2.0 Hz, H-2′), 6.64 (1H, d, J = 7.9 Hz, H-5′) 6.65 (1H, d, J = 2.0 Hz,
H-2), 6.91 (1H, d, J = 10.0 Hz, H-5). dC (125 MHz, CD3OD) 35.6
(C-7′), 37.6 (C-7), 41.2 (C-8′), 42.2 (C-8), 56.7 (3′-OCH3), 56.9
(3-OCH3), 62.3–78.2 (glucose), 71.2 (C-9′), 71.6 (C-9), 73.4 (C-1),
104.8 (9, 9′-O-glucose—anomeric carbon), 113.5 (C-2′), 115.4 (C-
5′), 122.9 (C-6′), 127.6 (C-5), 129.7 (C-6), 133.9 (C-1′), 137.6 (C-2),
146.3 (C-4′), 147.4 (C-3′), 150.5 (C-3), 171.0 (C-4).
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