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1.1. Lipids as a source of reactive carbonyls in foods.

1.1.1. Lipids.

Lipids are a complex group of organic compounds that are insoluble
in water but soluble in organic solvents (e.g., chloroform, ether), and are
present or are derived from living organisms (Nichols & Sanderson, 2003;
Coultate, 2016). Therefore, this broad definition includes many chemically
heterogeneous substances, such as acylglycerols, waxes, phospholipids,
sphingolipids, steroids, tocopherols, carotenoids, terpenes and polycyclic
hydrocarbons.

Lipids can be classified on the basis of their physical properties at
room temperature (oils are liquid and fats are solid), their polarity [neutral
(e.g., triacylglycerols) or polar (e.g., phospholipids)], or their essentiality for
humans (essential or nonessential fatty acids). Besides, based on structure,
lipids can be classified as simple (acylglycerols, waxes and esters of sterols),
complex (glycerophospholipids, glyceroglycolipids and sphingolipids) and
derived (fatty alcohols, fatty acids, steroids, fat-soluble vitamins and
hydrocarbons) (Mara Block & Barrera-Arellano, 2012; O Keefe, 2008).

Lipids are necessary components in our diet because of their relation
to our health. Thus, they are sources of fat-soluble vitamins (A, D, E, and K)
and other functional compounds such as essential fatty acids, and provide
energy for organic functions. In addition, foods lipids play an important role
in food quality by contributing to sensory attributes such as color, rheological
properties, and flavor. In general, lipids have a desirable impact on the
sensory properties of foods by affecting the mouth-feel. On the other hand,
this desirable contribution may be easily lost as a consequence of deteriorative
reactions, mainly oxidation and hydrolysis (Kolakowska & Sikorski, 2003;
McClements & Decker, 2017).
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1.1.2. Fatty acids as major lipid components.

The major components of lipids are fatty acids. They are aliphatic
compounds that contain a hydrocarbon chain with a carboxylic group. Most
fatty acids in nature range from 14 to 24 carbons. While over 500 individual
fatty acids have been described from animal, plant, and microbial sources,
only a few of them are quantitatively significant. Thus, approximately 95% of
the fatty acids from plant oils consist of only seven components: lauric,
myristic, palmitic, stearic, oleic, linoleic, and a-linolenic acids (Nichols &
Sanderson, 2003).

Fatty acids are generally classified as either saturated or unsaturated,
depending on the presence or not of double bonds in their structure. Those
with more than one double bond in the carbon chain are known as
polyunsaturated fatty acids (PUFAS). The most common PUFASs present in
plants and animals have an even number of carbons (predominantly 16 and
18) and non-conjugated double bonds, with a methylene group that is inserted
between each two cis-double bonds (Mara Block & Barrera-Arellano, 2012;
O’Keefe, 2008; McClements & Decker, 2017; Coultate, 2016).

PUFAs can be classified into different families depending on the
position of the first carbon-carbon double bond by counting from the methyl
end of the chain. Thus, there are three main families of PUFAS: ®3 (linolenic
type), 6 (linoleic type) and 09 (oleic acid type) (Figure 1).

Some PUFAs cannot be synthesized by the human body. Thus,
linoleic acid is considered an essential fatty acid required as building blocks
for biologically active membranes. a-Linolenic acid, which belongs to the ®3
family and is synthesized only by plants, also plays a nutritional role as
essential fatty acid (Belitz et al., 2009).



Introduction

/\/\/\/E/\/\/\/\COOH
Oleic acid (family ®9)

\/\/\:/E/\/\/\/\COOH

Linoleic acid (family ®»6)

/\:/\:/\:/\/\/\/\COOH

Linolenic acid (family ®3)

Figure 1. Chemical structures of some fatty acids corresponding
to main PUFAs families.

1.1.3. Lipid oxidation as a major deteriorative process in foods.

All food components are susceptible to oxidation. However, lipids are
affected by oxidation more easily than proteins, carbohydrates, or nucleic
acids. This process leads to important deteriorative changes in food properties,
such as nutritional losses (PUFAS, vitamins, carotenoids,...) and production
of undesirable flavor, color, and toxic compounds, which causes consumer
rejection and potential safety problems (Kim & Min, 2008; Marquez-Ruiz et
al., 2014; Uluata et al., 2015; Lee et al., 2014; Kim et al., 2016).

Lipid oxidation depends on numerous internal and external factors
such as fatty acid composition, content and activity of pro- and antioxidants,
light, temperature, concentration of oxygen, surface area in contact with
oxygen, water activity, food structure and distribution of lipids in the food
(Mérquez-Ruiz et al., 2014; Kolakowska, 2003; Tenyang et al., 2017).

Lipid oxidation process is induced by different mechanisms, including
free-radical reactions (autooxidation), light energy (photooxidation), enzyme
action (lipoxygenase), and the presence of trace metals (Marquez-Ruiz et al.,

2014). Among them, autooxidation is the most common process leading to
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oxidative deterioration of food lipids (Senanayake, 2013). This process takes
place through a sequential free radical chain reaction mechanism, which
implies the well-known stages of initiation, propagation and termination
(Erickson, 2008; Frankel, 2005; Coultate, 2016). It is schematically
represented in Figure 2.

O,

RH—> R’ propagation ROO’
initiation

ROOH

metal | /4y or A
ion

OH" OH*
monomeric stabilization o polymerization lipid-derived Z
Y - RO > .2
oxidized TAGs polymers _ B
s 8
- Qo
lsczsston < =
S g
=8
0=
oI
. & =
volatile compounds 2
non-volatile fractionated products 5

oxidized and fractionated TAGs

Figure 2. Lipid oxidation pathway. RH, lipid; R®, lipid radical;
RO?®, lipid alcoxyl radical; ROO?®, lipid peroxyl radical; ROOH,
lipid hydroperoxide; OH®, hydroxyl radical; OH™, hydroxide
ion; TAG, triacylglycerol.

The initiation step involves the abstraction of a hydrogen from a fatty

acid (RH) to form a fatty acid radical known as the alkyl radical (R®)
6
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(McClements, & Decker, 2017). The generation of primary free radicals is a
thermodynamically unfavorable reaction and needs to be facilitated by the
presence of oxidation initiators such as light, heat, ionizing radiation,
transition metals, metalloproteins, oxidants, various hemolysis-prone

substances and enzymes (Senanayake, 2013).
RH + initiator — R’

The free radicals are formed at the carbon that requires least energy
for a hydrogen atom removal. In fatty acids, allylic hydrogens have the lowest
C-H bond energies, so they are the preferred sites for H removal and
formation of a free radical. The methylene groups between two double bonds
in lipids are doubly activated so C-H bond energies drop dramatically and
radicals are formed at these positions (Schaich, 2013; Coultate, 2016).

Once the alkyl radical is produced, it is stabilized by delocalization
over the double bond(s), which results in double bonds shifting and

conjugation. This process is shown in Figure 3.
Linoleic acid T T

HOOC I —\

Hydrogen abstraction }\) H'

9 10 12 13

/:\IH

Isomerization step / \

10
9 10 12 13 9 5 1213
11 " \

Figure 3. The initiation step of lipid oxidation for linoleic acid
(McClements, & Decker, 2017).
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The propagation step involves the addition of oxygen to the alkyl
radical (R*) to form a peroxyl radical (ROO®) (McClements & Decker, 2017).

R + 0, —= ROO’

This new radical triggers the chain reaction by abstracting a hydrogen
atom from another unsaturated lipid molecule and giving rise to a
hydroperoxide (ROOH), as the primary oxidation product, and a new alkyl
radical (R®) that propagates the reaction chain (Marquez-Ruiz et al., 2014).
This later step is slow and rate-limiting. Therefore, hydrogen abstraction from
unsaturated lipids becomes selective for the most weakly bound hydrogen

atoms.

ROO’ + RH — ROOH + R’

In addition to hydroperoxide formation, peroxyl radicals may also be
involved in alternate pathways. These competing reactions include [-
elimination of oxygen, disproportionation, and addition to double bonds. In
this last case, if the double bond belongs to the same molecule, a cyclic
product is formed, whereas dimers and oligomers are formed if the carbon-
carbon double bond belongs to a different molecule (Gardner, 1989; Porter et
al., 1995; Schaich, 2013). The favored pathways are determined by the
reaction conditions, the solvent, and the lipid concentration and conformation
(Schaich, 2013).

Hydroperoxides are relatively stable at room temperature and in the
absence of metals. However, at high temperature or in the presence of metals,
they can be degraded to alkoxyl radicals (RO*) (Erickson, 2008; Méarquez-
Ruiz et al., 2014). Metal-mediated decompositions are heterolytic producing
one radical and one ion per event, whereas homolytic decompositions by heat

and UV light yield two radical species that are considerably more reactive
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than the original ROO*: alkoxyl (RO*) and hydroxyl radicals (OH*) (Schaich,
2013).

ROOH — RO’ + OH" (heatand UV)

ROOH — RO’ + OH (metals)

Alcoxyl radicals (RO®) can also follow different pathways and their
decomposition produce a great variety of secondary oxidation products which
are described in the next section.

Finally, in the termination stage, radicals react among them to yield
relatively stable nonradical products (Méarquez-Ruiz et al., 2014). Three types
of reaction are produced: stabilization reactions to produce compounds of
analogous molecular weights to the original lipid; scission reactions to
produce molecules of a molecular weight lower than the original lipid; and
polymerization reactions to produce polymers of higher molecular weights
than the initial lipid. Some of these polymerization and stabilization reactions
are:

ROO" + ROO"~ — ROOR + 0,
R + ROO° —> ROOR

R° + RO° — ROR

R+ H —— RH

RO + H* —— ROH

ROO" + H® —— ROOH

R° + OH —— ROH

1.1.4. The formed lipid oxidation products (LOPS).

As described above, lipid hydroperoxides are the primary oxidation

products. Nevertheless, these compounds are easily decomposed and a very
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complex mixture of LOPs is produced (McClements, & Decker, 2017;
Bastos et al., 2017). Because of their complexity, LOPs are usually
classified depending on their oxidation level into primary, secondary, and
tertiary LOPs.

A. Primary LOPs.

Hydroperoxides, which are produced in the propagation and
termination steps, are the primary LOPs. These products are odorless and
tasteless since they are not volatiles. However, they are degraded into
compounds that are responsible for off-flavors (Erickson, 2008; Marquez-
Ruiz et al., 2014; Belitz et al., 2009). They are produced at the initial step of
oxidation and their concentration decreases afterwards. Nevertheless, they are
an important fraction of LOPs at low and moderate temperatures. Figure 4
shows the hydroperoxides formed as a consequence of linoleic acid oxidation.

H

\/\/E/jE/\/\/\/\COOH

Linoleicacid
RO,

ROOH

Rl\:/'\:/Rz

/ Isomerization \

Rl\:/\_'/ R, Rl\-_/E/RZ

Figure 4. Primary lipid oxidation products of linoleic acid. R, =
C5H11 and Rz = C3H1502.
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B. Secondary LOPs.

Secondary LOPs are formed from hydroperoxides by different

transformations and cleavages (Figure 5). This cascade of reactions, which

includes abstraction of hydrogens, cyclization, addition to double bonds and

scissions, generates hundreds of different compounds, including volatile and

non-volatile products (such as aldehydes, ketones, acids, esters, alcohols, and
short-chain hydrocarbons) (McClements, & Decker, 2017; Schaich, 2013).

OOH
Rl)\/\:/ Ry

Hydroperoxyde

Fe*®

l<> Fe’ @
c') H

/ ___R,

Alcoxyl radical

Hﬁ

Ry /—RZ Rl

Hydroxydiene Ketodiene

OH

N OH
Hzo ®®)
1 Ry ~ R,

0,, RH OH

O OOH
AL R, R] R,

¢ Fe2®
OHO</F Fe3®
Y

Stable products 0 Scission o
—

y AN
R/WR R X-"H

1 2 1

3

o) ] o) OH
R /Q/\)LR le\ R,

i 2
Epoxyhydroxy derivative

Epoxyalkenal

Epoxyketo derivative

Figure 5. Degradation of linoleic acid hydroperoxides to
hydroxy-, epoxy- and oxo-fatty acids. R; = CsHy; and R, =
CgH150, (Belitz et al., 2009).
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These compounds can be classified according to their molecular
weights within three groups: compounds with molecular weights lower than
the non-oxidized lipid, oxidized monomers or compounds with molecular
weights similar to those of the non-oxidized lipid, and dimeric and polymeric
compounds with molecular weights higher than the non-oxidized lipid.

The compounds with molecular weights lower than the non-oxidized
lipid are produced by alkoxyl radical breakdown (Mérquez-Ruiz et al., 2014).
Alkoxyl radicals can suffer scission of the C-C bond on either side of the RO*
group producing an oxo compound and an alkyl or alkenyl radical on the
aliphatic chain (McClements, & Decker, 2017; Schaich, 2013; Kim & Min,
2008).

B a B %

Rl % (I:H % Rz I Rl. + HC— R2 or Rl_l(le + ' R2
. 1l
o

The formed radical can then either abstract one hydrogen atom to
form a stable compound (alkanes, alkenes, fatty acids) and propagate the
radical chain, or react with a hydroxyl radical to form an alcohol or with
oxygen to form a hydroperoxide, which might be further decomposed.

Figure 6 shows some of the scission products produced during
linoleic acid oxidation. It includes the formation of 2,4-decadienal, a
secondary LOP used in the experiments described in this thesis. 2,4-

Heptadienal, also used in this study, is produced similarly from linolenic acid.

12
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o

A COOH

9-oxo0-nonanoic acid
OHC-R,
+
Rl \:/\ .

(1-hydroxy-2,4-nonadienol)
th/\/OH
¢ OH’
-oe-

3-nonenal RIE/\CHO

R'<~ RH
1,3-nonadiene R‘\:/\ -

3-nonenal

2,4-decadienal
+

R,

_(_)H > R,—OH 8-hydroxy-octanoic acid

,,,,,, » R,—H octanoic acid

e l

N~ ~COOH g ™SS - COO0H
+ 8-0x0-octanoic acid
HCHO

formaldehyde

Figure 6. Some typical scission products of 9-hydroperoxy linoleic acid. R; = CsHy; and R, = CgH;50,.

(Adapted from Schaich, 2013).
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Fragments containing the oxygen atom (mainly aldehydes) become

the volatile and flavor compounds most strongly associated with rancidity,

and they have an impact even at extremely low concentrations (Belitz et al.,

2009; Schaich, 2013). The main volatile compounds produced by oleic acid,

linoleic acid and linolenic acid are summarized in Table 1.

Table 1. Volatile compounds formed by lipid oxidation of unsaturated fatty

1-Octen-3-hydroperoxide
2-Octenal

3-Nonenal

2-Nonenal

2-Decenal
2,4-Nonadienal
2,4-Decadienal
4,5-Epoxy-2-decenal

acids.
Oleic acid Linoleic acid Linolenic acid
Heptanal Pentane Propanal
Octanal Pentanal 1-Penten-3-one
Nonanal Hexanal 2-Butenal
Decanal Heptanal 2-Pentenal
2-Decenal 2-Heptenal 2-Hexenal
2-Undecenal Octanal 3-Hexenal
1-Octen-3-one 2-Heptenal

2,4-Heptadienal
2,4-Octadienal
3,5-Octadien-2-one
1,5-Octadien-3-one
1,5-Octadien-3-hydroperoxide
2,6-Nonadienal
2,4,7-Decatrienal

Adapted from Belitz et al. (2009).

This table includes some of the carbonyl compounds used in the

experiments described in this work, such as propanal, pentanal, hexanal, 2-

pentenal, 2-octenal, 2,4- heptadienal and 2,4-decadienal. The mechanism for

alkadienal formation is shown in Figure 6. The mechanism proposed for the

formation of 2-alkenals and alkanals from linolenic acid is summarized in

Figure 7. Other alkenals and alkanals are produced similarly.

14
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Linolenic acid

— " N—=""= COOH
OOH
g OOH
= R,

14-hydroperoxy linolenic acid 16-hydroperoxy linolenic acid

o’ 0
— __ ___Ry I~ ____R
A N CHO \/CHO
2-pentenal propanal

Figure 7. Proposed mechanism for 2-pentenal and propanal
formation from linolenic acid. R; = CgH150, (Frankel, 2005).

When these reactions occur without scission of the carbon chain,
compounds with molecular weights similar to those of non-oxidized lipids are
produced (Figure 5). They have an oxygenated function (usually epoxy,
hydroxyl or oxo group). These compounds are the most abundant LOPS
formed at ambient or moderate temperatures (Marquez-Ruiz et al., 2014;
Gardner, 1989).

Finally, the reaction of two or more lipid radicals produce dimeric and

polymeric compounds (Marquez-Ruiz et al., 2014).

C. Tertiary LOPs.

Secondary LOPs can suffer further oxidations to produce new
products with two oxygenated functions, which are named tertiary LOPs. For
example, an alcoxyl radical can form either secondary stable products or
tertiary products if it suffers a new oxidation. These compounds usually have

two of the following functional groups: hydroperoxy, epoxy, hydroxyl or oxo,

15
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and they are very reactive. These products play a major role in the color and
flavor changes produced in food as a consequence of lipid oxidation (Hidalgo,
& Zamora, 2004). Figure 8 collects the structures of the tertiary LOPs used in
this investigation. 4,5-Epoxy-2-heptenal and 4-oxo-2-hexenal are both
oxidation products of ®3 fatty acyl chains, while 4,5-epoxy-2-decenal and 4-
oxo-2-nonenal are derived from 6 fatty acyl chains. In addition,
fumaraldehyde and 4,5-epoxy-2-hexenal were also used as models of 4-oxo-2-
alkenals and 4,5-epoxy-2-alkenals, respectively, in some experiments. The
mechanism of formation of 4,5-epoxy-2-alkenals is shown in Figure 5.

(6]

¢ 7 P NN
WO WO X0

4,5-Epoxy-2-hexenal 4,5-Epoxy-2-heptenal 4,5-Epoxy-2-decenal
NO W o WO
O (e} o
Fumaraldehyde 4-Oxo0-2-hexenal 4-Ox0-2-nonenal

Figure 8. Structures of the tertiary LOPs and analogues
employed in this study.

1.1.5. Consequences of lipid oxidation.

Lipid oxidation strongly impacts on food properties and quality
(Schaich, 2013; Brewer, 2014; Steel et al., 2012; Correddu et al., 2015; Liu et
al., 2016; Sainsbury et al., 2016). Thus, LOPs affect food sensory properties
generating flavors, off-odors, browning, texture alterations and color loss. In
general, volatile compounds produced during lipid oxidation are detrimental
to food quality although there are some food products, such as fried foods,
dried cereals, and cheeses, for which small amounts of LOPs are important

positive components for their flavor profile (McClements & Decker, 2017).
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Aldehydes are main responsible for the formation of off-flavors as a
consequence of lipid oxidation. Undesirable odors resulting from oxidation
are commonly described as stale, wet cardboard, painty, grassy, or rancid
(Brewer, 2014).

In addition, lipid oxidation causes a reduction in the nutritional value
of the food, and it can seriously impact toxicity and safety due to the
formation of potentially toxic compounds, including «o,B-unsaturated
aldehydes (Guillén & Goicoechea, 2008a; Guillén & Uriarte, 2012; Liu et al.,
2003; Zarkovic, 2003; Guillén & Goicoechea, 2008b; Picklo et al., 2011;
Kawai et al., 2006; Kasai & Kawai, 2008; Demir et al., 2013; Lee et al., 2002;
Van Hecke et al., 2015; Zeng et al., 2015). Some «,B-unsaturated aldehydes,
such as acrolein or crotonaldehyde, have been related to an adverse effect on
human health. These relevant aldehydes have been found in both frying oils
and fried foods (Ewert et al., 2011; Granvogl, 2014; Ewert et al., 2014). They
have been employed in this study. Other toxic aldehydes employed in this
research have been 4,5-epoxy-2-alkenals and 4-oxo-2-alkenals.

1.2. The broadcasting of lipid oxidative damage.

The formation of LOPs is neither the only consequence of lipid
oxidation nor the final step of the lipid oxidative process. In fact, this is the
initial step of a very complex cascade of reactions. Thus, many of the
produced LOPs are not stable, and they react with the surrounding food
components, broadcasting the oxidative damage from lipids to all kind of
molecules. Among the different produced reactions, carbonyl-amine reactions
are particularly important because they have been shown to produce
significant changes in food with both positive and negative consequences
(Zamora, & Hidalgo, 2016).
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1.2.1. Carbonyl-amine reactions produced by LOPs.

Analogously to the reactive carbonyl compounds derived from
carbohydrates, the lipid-derived reactive carbonyls are also able to react with
the amino groups of amines, amino acids, aminophospholipids, and proteins,
among other food macromolecules, producing a complex cascade of reactions
and numerous compounds. Many of these compounds have been traditionally
considered exclusive of Maillard reaction (Zamora & Hidalgo, 2011).

These reactions are the final step of the oxidation pathway when lipid
oxidation occurs in the presence of amino compounds. Thus, lipid-derived
carbonyls react with amino compounds producing nonenzymatic browning
and the formation of advanced lipoxidation end-products (ALESs), which can

be defined as carbonyl-amine adducts originated from lipids.

1.2.2. Formation of carbonyl-amine adducts.

The initial step of carbonyl-amine reactions is the formation of the
corresponding imine. The stabilization of this imine can occur without the loss
of any portion of either the lipid or the amino compound, and the formation of
low molecular weight monomeric ALEs is produced (Hidalgo & Zamora,
2000a; Hidalgo & Zamora, 2017). Particularly, the formation of diverse
heterocyclic aromatic structures having five and six atoms has been described.

One of the first carbonyl-amine adducts described was a pyridinium
salt (A and B in Figure 9) formed between amino compounds and aldehydes
(Suyama & Adachi, 1979). The formation is shown in Figure 9. Pyridinium
salts are the products formed at low temperature. Nevertheless, upon heating,
pyridinium salts suffer a Strecker elimination and the corresponding pyridines
(C and D) are formed.
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Figure 9. Formation of pyridinium salts A and B by carbonyl-
amine reactions involving alkanals. Pyridinium salts A and B
are converted into pyridines C and D, respectively, by heat
treatment.

Formation of other pyridines has also been described in these
reactions. Thus, 2-alkylpyridines (E) are also produced at low temperatures as
secondary products in the Strecker degradation of amino acids initiated by
different carbonyls including 2,4-alkadienals, 4,5-epoxy-2-alkenals, and non-
volatile long-chain LOPs having epoxy and oxo functions (Hidalgo &
Zamora, 2004; Zamora et al., 2007; Zamora et al., 2005). The reaction takes
place in several steps as indicated in Figure 10 (Zamora et al., 2015).

In addition, 2-alkylpyridines (E) can also be produced at high
temperatures when starting from 2,4-alkadienals as indicated in Figure 10
(Zamora et al., 2009).

Two 2-alkylpyridines are always produced in reactions collected in
Figure 10. 2-Pentylpyridine is the product derived from w6 fatty acyl chains
and 2-ethylpyridine is the product derived from w3 fatty acyl chains.
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Figure 10. Formation of 2-alkylpyridines (E) by carbonyl-amine
reactions involving different lipid-derived reactive carbonyls.

Another special type of pyridine (the dihydropyridine F) is produced
when the involved lipid oxidation product is malondialdehyde (Figure 11)

(Kikugawa et al., 1984).
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oligomerization of malondialdehyde in the presence of alkanals

and later reaction with amino compounds.
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In addition to six-membered heterocycles, the formation of five-
membered heterocycles has also been described. Among them, the formation
of pyrroles is likely the most studied.

Different types of pyrroles can be formed depending on the initial
LOP. As shown in Figure 12, the reaction between epoxyalkenals and amino
compounds produces hydroxyalkylpyrroles (G) and N-substituted pyrroles
(H). However, hydroxyalkylpyrroles are not stable and polymerize
spontaneously (Hidalgo & Zamora, 1993).

R’ X '

RWO + H,N > R A N’R
I\ R @, R\
- 5 N — N
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+
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G

high molecular R__— o — I\ R I\ I\

weight ALEs \/Q\V/Q ‘ N N
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Figure 12. Formation of 1-alkylpyrroles (H) and 1-alkyl-2-(1 -
hydroxyalkyl)pyrroles (G) by reaction of 4,5-epoxy-2-alkenals
with  amino compounds. The figure also shows the
polymerization of 1-alkyl-2-(1-hydroxyalkyl)pyrroles to produce
high molecular weight ALEs.

Other pyrrole derivatives produced in these reactions are 1,2-
disubstituted pyrroles (I). These compounds have been shown to be produced
in the reaction of amino compounds with hydroxyalkenals (Sayre et al., 1993)

and epoxyalkenals (Zamora & Hidalgo, 2005), as shown in Figure 13.
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Figure 13. Formation of 1,2-dialkylpyrroles (1) by carbonyl-
amine reactions involving different lipid-derived reactive
carbonyls.

In addition to pyrroles, other five-membered heterocycles produced in
these reactions are imidazoles. Imidazolium salts (J) can be produced by
reaction between glyoxal and amino compounds as shown in Figure 14
(Wells-Knecht et al., 1995). The reaction mechanism is general for different
amino compounds and can also be extended to other 1,2-dicarbonyl
compounds.

Also, carbonyl-amine adducts containing an imidazole ring (K and L)
are also produced when the amino acid histidine is involved. The imidazole
ring of the amino acid is added to the carbon—carbon double bond of different
lipid-derived reactive carbonyls as shown in Figure 15 (Zamora, et al., 1999).
This reaction is usually reversible, but the adduct can be stabilized by

reduction of the carbonyl group with sodium borohydride.
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Figure 14. Formation of imidazolium salts (J) by carbonyl-
amine reactions involving glyoxal.
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Figure 15. Formation of Michael adducts by addition of an
imidazole ring, such as the present in the side chain of histidine,

to 4,5-epoxy-2-alkenals.
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1.2.3. Formation of amino acid degradation products.

Amino acids are easily degraded by LOPs producing different
compounds, some of which are volatile. Different to the volatile compounds
formed in cleavage of alkoxyl radicals, which have been related to rancid
flavors, the flavors produced by carbonyl-amine reactions are usually positive
in many foods.

These degradation reactions produce three kinds of compounds in a
first step: Strecker aldehydes, a-keto acids, and amines. However, they are
not final compounds and these compounds are involved in further reactions.
Thus, a-keto acids are transformed into Strecker aldehydes and other
aldehydes having two carbons less than the original amino acid; the amines
are transformed into Strecker aldehydes and olefins; and the Strecker
aldehydes can be oxidized to shorter aldehydes. Finally, olefins are
susceptible to suffer addition of nucleophilic compounds. All these reactions
are shown in Figure 16. Although they are interconnected, it is possible to
modify the ratio among the different formed products as a function of the
oxidized lipid and the amino acid involved, as well as the reaction conditions
(pH, water activity, presence of oxygen, time, and temperature) (Zamora et
al., 2015; Hidalgo et al., 2016). By playing with these tools it is possible to
favor the formation of the desirable compounds produced in these reactions
and to decrease the amount of the undesired products that are also formed.

The main reaction pathways by which these compounds are produced
are briefly described below. A more extensive description can be found

somewhere else (Hidalgo et al., 2016).
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Figure 16. General scheme for amino acid degradations induced by lipid-derived reactive carbonyls (Hidalgo & Zamora, 2016)
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The Strecker degradation of amino acids produced by secondary and
tertiary LOPs was firstly described in 2004 for the formation of
phenylacetaldenyde by phenylalanine degradation in the presence of
epoxyalkenals (Hidalgo & Zamora, 2004), and later extended to other lipid-
derived reactive carbonyls (Hidalgo et al., 2005; Zamora et al., 2005; Zamora
et al., 2007; Zamora et al., 2008). However, the reaction is produced to
different extents depending on the LOPs involved. This is likely a
consequence of both the influence of the lipid-derived carbonyl on the
reaction pathway and the existence of parallel reactions in which these
oxidized lipids may be involved and that compete with the Strecker reaction
(Hidalgo & Zamora, 2016; Zamora et al., 2008).

A general mechanism for the Strecker degradation of amino acids
produced by lipid-derived reactive carbonyls is shown in Figure 17. The
reaction starts with the formation of the corresponding imine (M), followed

by a decarboxylation and hydrolysis of the new imine (N) produced.

o 0
_H -H,0 A~ H
R (0) + O&\/\W R%O’
NH, NSRS,
imine M

- C02
-+ R

¢} A N A~Fw,
imine N
Figure 17. Proposed pathway for the conversion of amino acids

into Strecker aldehydes in the presence of lipid-derived reactive
carbonyls (Hidalgo & Zamora, 2016).
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In addition to aldehydes, some LOPs, which are ketones, can also
produce the Strecker degradation of amino acids (Zamora et al., 2005; Zamora
et al., 2007). The obtained results showed that the ability of aldehydes and
ketones for degrading amino acids was similar in most experiments and
differences found might be more related to the different solubility of the LOPs
assayed than to a different reactivity.

Although hydroperoxides do not have a carbonyl group, they also
produce the Strecker degradation of amino acids, because they are easily
decomposed and converted into free radicals and carbonyl compounds that
react as described above (Hidalgo & Zamora, 2016).

Under aerobic conditions, the formation of Strecker aldehydes is
favored. However, they can suffer further reactions. Thus, they can also be
oxidized to shorter aldehydes having two carbons less than the original amino
acid or, under appropriate conditions, they can react with other food
components. As an example, the Strecker aldehydes are involved in the
production of heterocyclic aromatic amines (HAAS) such as 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP). This compound is produced
by reaction of phenylacetaldehyde, the Strecker aldehyde of phenylalanine,
and creati(ni)ne in the presence of the in situ formed formaldehyde and
ammonia (Zamora & Hidalgo, 2015).

If this degradation of amino acids takes place without
decarboxylation, the produced compounds are a-keto acids (Zamora et al.,
2006a; Zamora & Hidalgo, 2011; Hidalgo & Zamora, 2016). The pathway for
this reaction is shown in Figure 18. These compounds are also an important
source of flavor compounds in foods.

o-Keto acids are not thermally stable compounds, and they produce
new flavors under mild conditions. Among them, their degradation to Strecker
aldehydes and other aldehydes having two fewer carbon atoms than the

original amino acid has been described (Hidalgo & Zamora, 2016).
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Figure 18. Proposed pathway for the conversion of amino acids
into a-keto acids in the presence of lipid-derived reactive
carbonyls (Hidalgo & Zamora, 2016).

Amino acids can also be converted into amines by action of reactive
carbonyls. These amines are usually known as biogenic amines because they
have been traditionally considered to be produced as a consequence of the
action of microorganisms (Hidalgo et al., 2010; Hidalgo & Zamora, 2016;
Zamora & Hidalgo, 2011). The reaction pathway proposed for this reaction is

shown in Figure 19.
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Figure 19. Proposed pathway for the conversion of amino acids
into amines and Strecker aldehydes in the presence of lipid-
derived reactive carbonyls (Hidalgo & Zamora, 2016).

These amines can suffer later reactions in the presence of lipid-
derived reactive carbonyls. One of them is their conversion into the
corresponding Strecker aldehydes, which seems to takes place according to
the reaction pathway shown in Figure 20 (Zamora et al., 2012).
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Figure 20. Proposed pathway for the conversion of amines into
Strecker aldehydes in the presence of lipid-derived reactive
carbonyls (Hidalgo & Zamora, 2016).
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Another reaction suffered by amines is an elimination reaction that
converts them into olefins: the corresponding vinylogous derivatives of the
amino acids. The reaction takes place as shown in Figure 21. In the presence
of the lipid-derived reactive carbonyl, the amine produces first the
corresponding imine (P), which may be then converted into an iminium ion
that suffer a elimination. This conversion is favored by the lipid because a
reactive carbon in the lipid chain may react with the nitrogen of the imine to
produce the corresponding iminium ion (Hidalgo & Zamora, 2016).

-H,O
R\/\NHZ + OM"’JJ 2 R\/\NW

imine P

Rz + "N - R\/\I?W

Figure 21. Proposed pathway for the conversion of amines into
olefins in the presence of lipid-derived reactive carbonyls
(Hidalgo & Zamora, 2016).

This reaction has lately received a considerable attention because of
its potential implication in the formation of acrylamide as a consequence of
asparagine degradation in the presence of reactive carbonyl compounds,
including lipid-derived reactive carbonyls (Zamora & Hidalgo, 2011; Zamora
& Hidalgo, 2008; Xu et al., 2016; Muttucumaru et al., 2017). Although only
deamination reactions of phenylethylamine and 3-aminopropionamide by
lipid carbonyls have been studied to date (Zamora et al., 2009), other biogenic

amines are likely to suffer similar eliminations.
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These vinylogous derivatives of amino acids are not stable
compounds and can suffer the addition of nucleophiles. This reaction has
recently received a considerable attention because of its possible use in the
elimination of acrylamide (Zamora et al., 2010; Zamora et al., 2011; Salazar
et al., 2012). Compounds having either amino or sulfhydryl groups are added
to these vinylogous derivatives, and there are significant differences between
the addition of either amino or sulfhydryl groups. These differences have been
described by Hidalgo & Zamora (2016).

1.2.4. Formation of polymers.

The imine produced between lipid-derived reactive carbonyls and
amino compounds can also evolve into the formation of polymers, which are
responsible (at least to a significant extent) for the browning developed in
these reactions.

Different kinds of colored polymers with a variable nitrogen content
are produced in these reactions by different pathways as shown in Figure 22
(Hidalgo & Zamora, 2000a).

One of these pathways is the reaction of proteins with lipid-derived
reactive carbonyls. This reaction produces the formation of carbonyl-amine
adducts in the terminal amino acid residues of the protein, and some of these

adducts can also suffer later polymerizations (Hidalgo & Zamora, 2000b).
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Figure 22. The formation of carbonyl-amine adducts (advanced
lipoxidation end-products, ALEs) in the course of lipid
oxidation.

The other pathway is the polymerization of some of the low molecular
weight ALEs described in previous subsections. Within this last pathway, two
main mechanisms have been described for the formation of high molecular
weight ALEs. The first one is a repeated aldol condensation which is shown in
Figure 23 (Hidalgo & Zamora, 2000a; Hidalgo & Zamora, 2017). The
produced polymeric brown materials are unstable and generate volatiles by
scission or dehydration, which affect the flavor characteristics of foods during
cooking and processing. The second one is based on the polymerization of N-
substituted hydroxyalkylpyrroles (Figure 12 and 23) (Hidalgo & Zamora,
1995). These compounds polymerize spontaneously forming dimers, trimers,
tetramers, and higher polymers as shown in Figure 23 (Hidalgo & Zamora,
1993).
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Figure 23. Proposed mechanisms for the formation of brown
pigments by carbonyl-amine reactions. Lipid carbonyls react
with  amino compounds either forming imines or
hydroxyalkylpyrroles depending on the lipid carbonyl involved
(zamora & Hidalgo, 2011).

All reactions described in this section show that Figure 2 should be
completed by including the broadcasting of the lipid oxidative damage by
means of the carbonyl compounds produced in the course of lipid oxidation.
This has been collected in Figure 24. As observed in this figure, the initial
product formed between the carbonyl compound and the amino compound is
the corresponding imine which can suffer then three kinds of reactions:
stabilization reactions to produce the corresponding carbonyl-amine adducts
of a molecular weight similar to the addition of the molecular weights of the
reagents; scission reactions to produce volatile compounds; and
polymerization reactions to produce the polymers responsible for the

browning formation in these reactions (Figure 24).

33



Introduction

RH——» R* propagation ROO’
initiation

ROOH

metal | 2, or A
ion

OH‘A/\‘ OH’

Y

monomeric stabilization RO polymerization _  lipid-derived
oxidized TAGs " polymers
s
l scission _:%
<
Ll
L
. =
volatile compounds g
non-volatile fractionated products
oxidized and fractionated TAGs

carbonyl-amine

amino compounds

adduct <

£

stabilizatio - olymerization ipid-ami g8
stabilization imine 2 ly _ lipid-amine s g
polymers o>

S8

o L

SCiss 8

l cission =R

o

E8

| ¥

volatile compounds Z g
non-polar fractionated compounds S S

Figure 24. Carbonyl-amine reactions as a broadcasting of lipid
oxidative damage to food macromolecules containing amino
groups (Adapted from Zamora & Hidalgo, 2016).
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1.3. The control of lipid oxidative damage by phenolics.

1.3.1. Phenolic compounds.

Phenols are a large group of compounds (more than 8000 phenolic
compounds have been reported (Crozier et al., 2009)) characterized by having
at least one aromatic ring with one or more hydroxyl groups attached. They
are plant secondary metabolites commonly found in many herbs, fruits,
vegetables, grains and cereals, green and black teas, coffee beans, propolis,
and red and white wines (Leopoldini et al., 2011).

Phenolics can be classified by the number and arrangement of their
phenol subunits into simple phenols and polyphenols. Simple phenols can
have only hydroxyl groups or also a carboxylic group such as in phenolic
acids. In addition, polyphenols, which possess at least two phenol subunits,
include flavonoids and stilbenes among others (Figure 25). Polyphenols
possessing three or more phenol subunits are known as tannins (Leopoldini et
al., 2011).
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Figure 25. Structures of benzoic and hydroxycinnamic acids,
flavonoids and stilbenes.

Simple phenols include o-, m-, p-diphenols as well as compounds
having three or more hydroxyl groups. Among these phenolics, resorcinol, 2-
methylresorcinol, 2,5-dimethylresorcinol, and orcinol have been used in this

study. The structures of these compounds are given in Figure 26.
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Figure 26. Chemical structures of model phenolic compounds
used in this study.

Phenolic acids can have either hydroxycinnamic or hydroxybenzoic
structures (Figure 25). Hydroxycinnamic acids are more common than
hydroxybenzoic acids and include p-coumaric, caffeic, ferulic, and sinapic
acids. Hydroxybenzoic acids include gallic acid. Phenolic acids are commonly
present under two principal forms in all plant-derived foods: a free and a
bound form. The latter is found more frequently and occurs in the form of
esters, glycosides and bound complexes (Andjelkovic et al., 2006).

Flavonoids are the most widely distributed phenolic compounds in
plant foods and also the most studied ones. They possess a common tricyclic
carbon skeleton with rings A, B, and C. The basic structural feature of all
flavonoids is the flavane (2-phenyl-benzo-y-pyran) nucleus, a system of two
benzene rings (rings A and B) linked by an oxygen-containing pyran ring
(ring C) (Figure 27).
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Figure 27. Carbon skeleton of flavane.

According to the degree of oxidation of the C ring, the hydroxylation
pattern of the nucleus, and the substituent at carbon 3, the flavonoids can be
categorized into different subclasses: flavones, flavanones, flavan-3-ols
(catechins), flavonols, flavanonols, isoflavones, anthocyanidins and chalcones
(Figure 25). Anthocyanidins differ from the other flavonoids by possessing a
charged oxygen atom in the ring C. In addition, the ring C is open in
chalcones. Many flavonoids occur naturally in food as O-glycosides with
glucose being the most common sugar residue. On the other hand, flavan-3-
ols, unlike most flavonoids, are not glycosylated (Gliszczynska-Swiglo &
Oszmianski, 2014). Some foods containing different types of flavonoids and
the main phenolics present in them are shown in Table 2.

The flavonol quercetin, which is the major flavonoid in onions
(Allium cepa L.) (Price & Rhodes, 1997; Crozier et al., 1997; Price et al.,
1997; Marotti & Piccaglia, 2002; Patil et al., 1995), was used in this study.

Figure 28 shows the chemical structure of quercetin.

Figure 28. Chemical structure of quercetin.
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Table 2. Class, dietary source and main phenolics of different flavonoid classes.

Flavonoid Class

Dietary source

Main Representatives

Flavonols

Onion, tomato, apple,
broccoli, red wine

Kaempferol
Quercetin
Myricetin
Rutin

Flavones

Herbs, celery, parsley,
fruit skins

Luteonin
Apigenin
Chrysin

Flavan-3-ols

Tea, cacao

(+)-Catechin (C)
(-)-Epicatechin (EC)
(-)-Epicatechin gallate
(ECG)
(-)-Epigallocatechin
(EGC)
(-)-Epigallocatechin
gallate (EGCG)

Flavanones

Citrus fruits and juices

Hesperetin
Herperidin
Naringenin
Naringin

Eriodictyol

Isoflavones

Soybean

Genistein
Genistin
Daidzein
Daidzin

Anthocyanidins

Apple, pear, tomato

Pelargonidin
Cyanidin
Delphinidin
Maldivin

Adapted from Gliszczynska-Swiglo & Oszmianski (2014).

The family of stilbenes includes several compounds among which

resveratrol, pterostiloene and piceatannol

are the main derivatives,

characterized by a double bond connecting the phenolic rings (Figure 25).

Polymeric compounds, called tannins, are divided into two groups:

condensed and hydrolyzable. Condensed tannins are polymers of flavonoids,
and hydrolyzable tannins contain gallic acid, or similar compounds, esterified

to a carbohydrate.
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1.3.2. The chelating ability of phenolic compounds and the control of lipid
oxidative damage.

Phenolic compounds have been used to control lipid oxidation based
on different properties. One of them is their ability to chelate metals
(Hermund et al., 2016; Sulaiman & Ooi, 2012).

Transition metals are found in all foods since they are common
constituents of biological materials, water, ingredients, and packaging
materials. They often exist chelated to other compounds, such as magnesium
in chlorophyll, copper, zinc and manganese in various enzymes; or iron in
proteins such as ferritin. When these ions are released by hydrolytic or other
degradative reactions, they participate in reactions responsible for food
spoiling (Lindsay, 2017).

Two mechanisms of the promotion of oxidation by metals have been
proposed. Thus, metals are believed to either interact with hydroperoxides,
favoring their decomposition, or to react directly with lipid molecules,
favoring the formation of primary hydroperoxides (Reische et al., 2008).

The prooxidative activity of metals can be altered by chelating agents
to form complexes (Lindsay, 2017). Thus, metallic ions are entrapped in these
complexes and cannot participate in reactions involving production of free
radicals species. This inhibition is produced, among others, by prevention of
metal redox cycling; occupation of all metal coordination sites; formation of
insoluble complexes; and/or steric hindrance of interactions between metals
and lipids or oxidation intermediates (e.g., hydroperoxides). On the other
hand, in some cases, metals chelators can increase oxidative reactions by
increasing metal solubility and/or altering the redox potential (McClements &
Decker, 2017).

In general, any molecule or ion with an unshared electron pair can
coordinate or form complexes with metal ions, as occurs in phenolics. Thus,
many phenolics have a strong capacity for binding ferric (Fe®*") ions due to the

presence of iron-binding motifs. It has been shown that the following
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functional groups are important for Fe-binding: o-dihydroxyl groups, e.g., 3°,
4’ and 7, 8 dihydroxy groups (catechol); the presence of 5-OH and/or 3-OH
in conjunction with a C4 keto group (e. g., quercetin), and a large number of
OH groups (e. g., tannic acid). Some of these binding places are shown in
Figure 29. Besides, the presence of a 3’,4°,5’-trihydroxy (galloyl) group on
ring B and the substitution for a galloyl group on ring C was associated with
reduced Fe-binding (Khokhar & Owusu Apenten, 2003; Leopoldini et al.,
2011; Satterfield & Brodbelt, 2000).

Metal ligation

v
hRe Mt
Site 2

Site 3

Figure 29. Mechanism for the transition metal chelation by
flavonoids.

Although polyphenols may offer several chelating sites, when the
carbonyl group is available, commonly the metal ion complexes are
preferentially formed between the keto group at C4 and the hydroxyl group at
C5. In some cases, other complexes are formed involving the keto group at C4
and the hydroxyl group at C3 (Selvaraj et al., 2013; Malesev & Kuntic, 2007;
Mira et al., 2002; Leopoldini et al., 2011; Bukhari et al., 2009; ).

The structure of the formed flavonoid-metal ion complex depends on
numerous factors. These include the coordination number and oxidation state
of the central metal ion, the number of electron donors in the flavonoid, the

proximity of the electron donors in the flavonoid, and chelating conditions
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such as temperature and pH (Selvargj et al., 2013; Malesev & Kuntic, 2007).
In addition, the formation of complexes of various stoichiometries is possible.

1.3.3. The free radical scavenging ability of phenolic compounds and the

control of lipid oxidative damage.

Phenolic compounds also delay the lipid oxidation process by
scavenging the free radicals that either initiate the lipid oxidation or take part
in the propagation of the free radical chain (Zamora & Hidalgo, 2016). This is
consequence of their well-known ability of scavenging a wide range of free
radical species, including reactive oxygen (ROS), nitrogen (RNS), and
chlorine species, such as superoxide, hydroxyl, peroxyl and alkoxyl radicals,
and peroxynitrous and hypochlorous acids (Magsood et al., 2014;
Abeywickrama et al., 2016; Rouphael et al., 2016).

Phenolic compounds interact with peroxyl (ROO®) or alkoxyl (RO®)
radicals, and also directly with lipid radicals (R*), to convert them to more
stable, nonradical products by the following reactions where AH is the
phenolic compound (Reische et al., 2008; McClements & Decker, 2017):

ROO*+ AH —> ROOH +A*
RO*+AH — ROH+ A~

R'+AH —> RH+A"

The reaction is produced by donation of a hydrogen atom to the
radical at the same time that the phenolic compound is converted into a
phenolic free radical (phenoxyl radical). Phenolic antioxidants are thought to
interact mainly with peroxyl radicals because they have a longer lifetime (they
are less reactive). On the contrary, hydroxyl radicals (OH*) are so reactive that

they interact with the molecules closest to their site of production. Since
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phenolic compounds are generally found at low concentrations they would be
less likely to react with these highly reactive free radicals.

Antioxidant efficiency is dependent on the ability of the phenolic
compound to donate hydrogen to a free radical. As bond energy of a hydrogen
in a free radical scavengers (FRS) decreases, the transfer of the hydrogen to a
free radical is more energetically favorable and thus more rapid. The
efficiency of the FRS is also dependent on the energy of the resulting FRS
radical. Effective FRS, such as phenolic compounds, form low energy radicals
(phenoxyl radicals in this case) due to resonance delocalization. The phenoxyl
radical is stabilized by electron delocalization around a phenolic ring(s) to

form stable resonance hybrids (Figure 30).

@ROO' ROOH © L @ o @ 4_»@

Figure 30. Resonance delocalization of phenoxyl radical.
(Adapted from McClements & Decker, 2017).

Effective FRS also produce radicals that do not react rapidly with
oxygen to form hydroperoxides. Therefore, the phenoxyl radical produced by
hydrogen donation has a very low reactivity with oxygen and lipids. Thus,
they reduce the rate of propagation of the free radical chain.

Besides, phenoxyl radicals may participate in termination reactions
with other phenoxyl radicals or lipid radicals to form nonradical species by

the following reactions:

ROO'+A° —> ROOA
RO'+A* —> ROA

AT+AT —> AA
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Therefore, each FRS is capable of inactivating at least two free
radicals. The first radical is inactivated when the FRS interacts with peroxyl,
alkoxyl, or lipid radicals. The second radical is inactivated when the FRS
takes part in termination reactions with another FRS radical or lipid radical
(Figure 31).

Radical 1 Radical 2
ROO" ROOH | ¢ 2 0
) OOR
A - | + ROO

Figure 31. A termination reaction between a phenoxyl radical
and a lipid peroxyl radical (ROO®) (Adapted from McClements
& Decker, 2017).

OH

In foods, the efficiency of phenolic FRS depends on additional factors
other than chemical reactivity. Thus, factors such as volatility, pH, sensitivity,
and polarity can influence the activity of the FRS in stored and processed
foods (Decker, 2008).

The free radical-scavenging potential of natural polyphenolic
compounds appears to depend on the pattern (both number and location) of
free hydroxyl groups on the flavonoid skeleton (Brewer, 2011). This
distribution seems to be more important than the flavan backbone alone
(Heim et al., 2002). Besides, other types of substituents can influence the free
radical scavenging activity.

The hydroxyl configuration in the B-ring plays the main role in the
scavenging of ROS and RNS (Heim et al., 2002). Hydroxyl groups in the B-
ring donate hydrogen and an electron to free radicals, stabilizing them and
giving rise to a relatively stable flavonoid radical. A 3°,4’-catechol structure
in the B-ring strongly enhances lipid oxidation inhibition because it yields a

fairly stable o-semiquinone radical stabilized by electron delocalization.
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Furthermore, phenolics containing three adjacent hydroxyl groups are more
effective FRS than their dihydroxyl counterparts. Flavonoids lacking catechol
or o-trihydroxyl (pyrogallol) systems form relatively unstable radicals and are
weak scavengers (Pannala et al., 2001).

The significance of other hydroxyl configurations is less clear. It
seems that A-ring substitution correlates little with antioxidant activity and
compared to the B-ring hydroxylation pattern, the impact of the A-ring
arrangement on antioxidant activity is of questionable significance.

Regarding O-methylation, the differences in antioxidant activity
between polyhydroxylated and polymethoxylated flavonoids are most likely
due to differences in both hydrophobicity and molecular planarity.
Suppression of antioxidant activity by O-methylation may reflect steric effects
that perturb planarity (Heim et al., 2002).

In the presence of glycosides, it has been shown that aglycones are
more potent antioxidants than their corresponding glycosides. Like
methylation, O-glycosylation interferes with the coplanarity of the B-ring with
the rest of the flavonoid and its ability to delocalize electrons (Heim et al.,
2002).

1.3.4. The carbonyl scavenging ability of phenolic compounds and the

control of lipid oxidative damage.

Free radical scavenging and chelating properties of phenolics do not
explain the ability of these compounds to inhibit some processes in which free
radicals are not involved. Thus, the formation of the heterocyclic aromatic
amine (HAA) PhIP is a consequence of carbonyl chemistry. This reaction is
inhibited in the presence of phenolic compounds (Murkovic et al., 1998;
Janoszka, 2010; Persson et al., 2003; Salazar et al., 2014), but this inhibition
did not correlate with the antioxidant/free radical scavenging capacity of the

phenolic compounds responsible for its inhibition. For example, Cheng et al.
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(2007) evaluated the relative activities of 12 food-derived dietary phenolic
compounds (including naringenin, quercetin, and epigallocatechin gallate,
among others) in inhibiting HAAs formation in model systems and beef
patties. The data clearly showed the inhibitory activity of a few phenolic
compounds on PhIP formation in model system and all of them in beef patties.
In fact, naringenin, a flavonoid found in many citrus fruits, was found to be
the most promising inhibitor in both chemical model system and beef patties,
suggesting its great potential for practical application in daily cuisine.
However, a good positive correlation with their free radical scavenging
activities could not be established suggesting that radical scavenging activity
may not be the principal mechanism of intervention of these phytochemicals.
In fact, recent studies have shown that this effect seems to be a consequence
of the ability of phenolic compounds to scavenge lipid-derived reactive
carbonyls (Salazar et al., 2014; Cheng et al., 2008).

1.3.4.1. The carbonyl compounds scavenged by phenolics.

The ability of phenolics to react with carbonyl compounds has been
long known (Lo et al., 2011; Peng et al., 2008; Totlani & Peterson, 2005). In
fact, recent studies have shown that they can act as natural inhibitors against
the formation of advanced glycation end-products (AGEs) by trapping or
scavenging reactive carbonyls (Wu et al., 2011; Peng et al., 2011; Mesias et
al., 2014; Liu et al., 2014).

The reactive carbonyls mostly studied in this sense have been glyoxal
and methylglyoxal. Thus, the in vitro capacity of numerous phenolics to
scavenge these aldehydes has been shown, including hydroxytyrosol (Navarro
& Morales, 2015), a mixture of quercitrin, chlorogenic acid and rutin (Yoon
& Shim, 2015), genistein (Lv et al., 2011); phlorotannins extracted from
brown algae Fucus Vesiculosus (Liu & Gu, 2012), and tea polyphenols,
particularly epicatechins in green tea and theaflavins in black tea (Lo et al.,
2006; Totlani & Peterson, 2006).
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In addition, the reaction between phenylacetaldehyde and phenols has
also been studied, mostly in relation to the inhibition of PhIP formation
(Cheng et al., 2009, 2008; Delgado et al., 2016). Thus, Cheng et al. (2008)
demonstrated that naringenin exhibited a dose-dependent reduction of
phenylacetaldehyde, a key intermediate in PhIP formation. The capability of
naringenin to form adducts with phenylacetaldehyde was confirmed by
isolating and characterizing two phenylacetaldehyde-naringenin adducts.

Although lesser studied than the highly reactive short dicarbonyl
compounds glyoxal and methylglyoxal, some reports have also shown that
lipid-derived reactive carbonyls are potential compounds to be trapped by
phenolic compounds. Thus, Delgado et al. (2016) studied the Strecker-type
degradation of phenylalanine to produce phenylacetaldehyde in the presence
of 2-pentenal and phenolic compounds, and they observed an antagonism
when the aldehyde and the phenolics were simultaneously present, which
suggested an ability of phenolics to react with both 2-pentenal and
phenylacetaldehyde. In fact, Hidalgo and Zamora (2014) investigated the
reaction between m-diphenols (resorcinol, 2-methylresorcinol, 2,5-
dimethylresorcinol, 3-methylphenol, orcinol, and phloroglucinol) and 2-
alkenals (2-pentenal and 2-octenal) and isolated and characterized the formed
carbonyl-phenol adducts. Zhu et al. (2009a) also evaluated the carbonyl
trapping capacity of 21 natural polyphenols against two cytotoxic lipid-
derived «,f-unsaturated aldehydes, acrolein and 4-hydroxy-trans-2-nonenal
(HNE). They found that flavan-3-ols, theaflavins, cyanomaclurins, and
dihydrochalcones effectively trapped acrolein and/or HNE, and the most
effective one was phloretin. In addition, Zhu et al. (2009b) employed green
and black tea extracts to stabilize seal blubber oil and they showed that with
the addition of green/black tea extracts, the contents of acetaldehyde, acrolein,
malondialdehyde, and propanal, four major lipid peroxidation products, were
reduced.

All these results have pointed out that some lipid-derived carbonyls,

including  alkanals  (acetaldenyde and  propanal), dialdehydes
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(malondialdehyde), alkenals (acrolein, 2-pentenal, 2-octenal), and HNE can
be trapped by phenolics. However, unequivocal structures for the produced
adducts were not determined in most cases. Moreover, the ability of phenolic
compounds to trap many other carbonyl compounds produced in the lipid
oxidation, such as the very reactive and toxic epoxyalkenals or oxoalkenals,
remains to be investigated.

1.3.4.2. The structure-activity relationships (SAR) for the carbonyl-

scavenging function of phenolics.

Analogously to the observed chelating and free radical scavenging
activities, the carbonyl trapping potential of phenolic compounds depends on
the pattern (both number and location) of free hydroxyl groups.

In a study investigating the SAR of phenolic compounds for the
inhibition of PhIP formation, Salazar et al. (2014) analyzed the role of twenty-
five phenolic compounds on the PhIP produced in
phenylalanine/creatinine/oxidized lipid reaction mixtures. They found that
phenols having two hydroxyl groups at meta positions of the aromatic ring
were the most efficient inhibitors. Besides, they observed that the presence of
alkyl or carboxylic groups as additional substituents in the aromatic ring
slightly reduced the inhibitory effect. On the other hand, the introduction of
additional hydroxyl and amino groups mostly cancelled the inhibitory effect,
which was also mostly absent in o- and p-dihydroxy derivatives. In complex
phenols, the presence of several rings with opposite effects produced a
reduced inhibitory effect. Nevertheless, although reduced with respect to
resorcinol and its simple derivatives, the assayed complex phenols still
exhibited a significant PhIP inhibitory effect.

This ability of m-diphenols to reduce PhIP formation was a
consequence of the formation of carbonyl-phenol adducts as shown by

Hidalgo and Zamora (2014) when studying the reaction between 2-alkenals
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and m-diphenols. Thus, any substituent or substitution pattern that favors the
nucleophilicity of some phenolic carbons, will favor the carbonyl-trapping
ability of these compounds.

This reaction is mainly favored in m-diphenols and not in o- or p-
diphenols because m-diphenols have aromatic carbons with a higher
nucleophilicity than o- and p-diphenols due to the electronic delocalization
shown in Figure 32. The position of the two hydroxyl groups of m-diphenols
in the aromatic ring favors the loss of the aromatic proton at positions 2, 4 or
6. These positions are activated by the two hydroxyl groups. On the other
hand, each hydroxyl group in o- and p-diphenols activates different aromatic
carbons, which reduces their nucleophilicity.

By using the same reasoning, the lower electronic density in the
carbonyl compound will facilitate the reaction. This is the reason of the high

reactivity of glyoxal and methylglyoxal.
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Figure 32. Comparative electronic delocalization produced in
m- (top), o- (centre), and p-diphenols (bottom) after proton loss
(Hidalgo & Zamora, 2014).

1.3.4.3. The chemical structures of produced carbonyl-phenol adducts.

Carbonyl-phenol reactions are produced as a consequence of the high
nucleophilicity of some phenolic carbons and the low electronic density in the
carbonyl carbon. Therefore, the reaction should start with the addition of the
aromatic carbon or hydroxyl group of the phenol to the carbonyl carbon, or
the conjugated carbon-carbon double bond in the case of o,B-unsaturated
carbonyls. The formed products should be produced by stabilization of this
initial addition product. This has been observed in the reactions studied until
now (Sang et al., 2007; Lv et al., 2011; Shao et al., 2008; Hidalgo & Zamora,
2014; Zhu et al., 2009a; Beretta et al., 2008).
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Thus, saturated carbonyl compounds suffer the addition of the
phenolic compound and the corresponding alcohol is produced (Figure 33).
Depending on the reaction conditions and both the carbonyl and the phenolic
compound involved, the formed adduct can suffer then a dehydration reaction
to produce a more stable conjugated compound. An example of this
dehydration has been observed in the reaction of phenylacetaldehyde with
different flavonoids (Cheng et al., 2008; Zheng et al., 2016).

HO

5

OH OH OH

resorcinol
Figure 33. Alkanal addition to resorcinol.

In the case of the highly reactive short dicarbonyl compounds glyoxal
and methylglyoxal, the reaction occurs similarly (Wang & Ho, 2012; Lv et al.,
2011; Sang et al., 2007; Lo et al., 2006; Yoon & Shim, 2015; Shao et al.,
2008; Totlani & Peterson, 2006; Navarro & Morales, 2015).

Although much more complex, the reaction of 2-alkenals with
phenolic compounds also occurs similarly, as shown in Figure 34. Thus, the
reaction takes place by initial addition of either the aromatic carbon or
hydroxyl group of the phenolic to the carbon-carbon double bond of the
carbonyl compound and later stabilization of these initial addition products.
The adduct produced by the initial addition of the aromatic carbon to the
aldehyde is relatively stable after formation of a hemiacetal structure.
However, the adduct produced by the initial addition of the hydroxyl group to
the aldehyde is more unstable and suffers a dehydration. These compounds
have been isolated and characterized by nuclear magnetic resonance

spectroscopy (NMR) and mass spectrometry (MS) for a significant number of
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phenolic compounds (Hidalgo & Zamora, 2014). In addition, this new adduct
can suffer further polymerization reactions that have been related to the
browning development produced in these reactions (Zamora & Hidalgo,
2016).

HO HO
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Figure 34. Reaction of 2-alkenals with resorcinol (Zamora &
Hidalgo, 2016).

These results are in agreement with those obtained by Zhu et al.
(2009a), who purified an adduct formed in the reaction of the dihydrochalcone
phloretin and acrolein. It was identified as a diacrolein-conjugated phloretin

(Figure 35).

Figure 35. Structure of diACR-conjugated phloretin adduct.
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Nevertheless, at present only the structures of carbonyl-phenol
adducts with these simple carbonyl compounds have been proposed. The
structures of the adducts that might be produced with more complex LOPs
remain to be elucidated.

1.3.5. The hypothesis of the triple defensive barrier of phenolic
compounds against the lipid oxidative damage produced in foods.

Based on the above described abilities of phenolic compounds to act
as metal chelators, free radical scavengers, and carbonyl-trapping agents,
Zamora and Hidalgo (2016) have recently hypothesized that phenolic
compounds might be acting as a triple defensive barrier against the lipid
oxidative damage produced in foods.

As described above, in the presence of metal ions, among other
initiators, lipids are oxidized producing a complex cascade of reactions and
the formation of a myriad of LOPs (Figure 2). Some of the produced LOPs
are stable, but others are highly reactive and broadcast the lipid oxidative
damage to all kind of molecules. Among them, the production of carbonyl-
amine reactions is particularly important because of the consequences
produced in foods (Figure 24).

According to the reactions described in sections 1.3.2, 1.3.3, and
1.3.4, Zamora and Hidalgo (2016) have hypothesized that phenolics can be
acting at different steps of this process according to their different structures
and functions. Thus, they would be able successively to chelate metals and to
avoid the formation of free radicals, scavenge free radicals and to avoid the
formation of secondary and tertiary LOPs, and trap lipid-derived reactive
carbonyls avoiding in this way the carbonyl-amine reactions produced as a
consequence of the lipid oxidation pathway.

This hypothesis assumes that the carbonyl-trapping ability of phenolic

compounds is general for all LOPs. Furthermore, it supposes that the

53



Introduction

structural requirements for this carbonyl-trapping function are common for all
lipid-derived reactive carbonyls (Zamora & Hidalgo, 2016).

This can be observed in Figure 36, in which four flavones with
different hydroxylation pattern are shown. The main groups involved in the
different protective functions of phenolic compounds have been marked by

using different ellipses.

free radical-scavenging
region

/ carbonyl-scavenging
/ region

carbonyl-scavenging

chelating

chelating
region

region

luteolin baicalein

carbonyl-scavenging

carbonyl-scavenging region

™~

chelating
region

chelating
region

apigenin chrysin

Figure 36. Presence of chelating, free radical-scavenging, and
carbonyl-scavenging regions in selected flavonoids (Zamora &
Hidalgo, 2016).

Regarding the transition metal chelating activity, the metal ion
complexes are preferentially formed between the keto group at C4 and the

hydroxyl group at C5 when the carbonyl group is available. In some cases,
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other complexes are formed involving the keto group at C4 and the hydroxyl
group at C3. This activity should be present in the four selected flavones
because the keto group at C4 and the hydroxyl group at C5 are present in all
of them.

The free-radical scavenging activity of flavonoids depends on the
presence of catechol or o-trihydroxyl (pyrogallol) systems. For that reason,
when Cai et al. (2006) studied the free-radical scavenging activity of the four
flavones collected in Figure 36, only luteolin and baicalein exhibited activity.
These two compounds are the only compounds among those included in the
figure that have catechol or pyrogallol systems.

Finally, the carbonyl-scavenging activity needs the presence of
phenolic carbons with a high electronic density. It occurs in luteolin, apigenin,
chrysin and, to a lower extent, also in baicalein.

All regions marked in Figure 36 correspond to the most active
regions for that protective effect. However, other regions can also play a role
under determined circumstances.

As observed in Figure 36, not all phenolics have all the protective
functions. According to the presence or not of these protective functions,
phenolics might be divided, at least, into seven groups as a function of their
activities: chelating agents, free radical scavengers, carbonyl scavengers,
chelating and free radical scavengers, chelating and carbonyl scavengers, free
radical and carbonyl scavengers, and chelating and free radical and carbonyl

scavengers.
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As described in the Introduction section, phenolic compounds might,
in addition to chelating metals and scavenging free radicals, also be limiting
the produced lipid oxidative damage by trapping the lipid-derived reactive
carbonyls formed in the course of lipid oxidation. Furthermore, this trapping
would constitute a third protective barrier of phenolic compounds against the
broadcasting of the consequences of lipid oxidation to other food
macromolecules. However, this barrier is still poorly understood because
neither the carbonyl-trapping ability of all LOPs has been studied nor the
possibility that this carbonyl-trapping might be produced under usual cooking
conditions has been investigated. Therefore, the general objective of this
thesis is to determine whether the carbonyl-trapping ability of phenolics is
general for main LOPs, and to study the presence of carbonyl-phenol adducts

in processed food products.

To carry out this general objective, different specific objectives have

been proposed:

1. To study the reaction among phenolic compounds and the main
groups of carbonyl compounds produced as a consequence of lipid
oxidation, including alkanals, alkadienals, 4,5-epoxy-2-alkenals, and
4-ox0-2-alkenals.

2. To investigate the reaction conditions that favor the formation of the
corresponding carbonyl-phenol adducts.

3. To understand the structure-activity relationships (SAR) of both
phenolics and carbonyl compounds that favor the formation of
carbonyl-phenol adducts.

4. To determine the reaction pathways by which carbonyl-phenol
reactions are produced.

5. To study the lipid-derived carbonyl-trapping ability of phenolic

compounds under common food processing conditions in order to
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know whether carbonyl-phenol adducts might be wusual food

components in processed foods.
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3.1. Materials.

3.1.1. Commercial products.

A series of aldehydes having different number of carbons and
unsaturations were employed in these studies. These aldehydes included
alkanals such as propanal, butanal, 2-methylpropanal, pentanal, 2-
methylbutanal, 3-methylbutanal, hexanal, and glyoxal; 2-alkenals such as
acrolein, crotonaldehyde, 2-pentenal, 2-octenal, and 2-methyl-2-pentenal; and
alkadienals, such as 2,4-heptadienal and 2,4-decadienal. Fumaraldehyde was
also used in some experiments. It was prepared from commercial
fumaraldehyde bis(dimethyl acetal) by treating an aqueous solution of the
acetal with acid resin (Dowex 50WX8) for 1 h. The chemical structures of all
these compounds are given in Figure 37.

As model phenolic compounds, resorcinol, 2-methylresorcinol, 2,5-
dimethylresorcinol, orcinol, and quercetin were employed. The chemical
structures of these phenolic compounds are given in Figure 26 and Figure 28
in the Introduction section 1.3.1.

All these compounds were purchased from Sigma-Aldrich (St. Louis,
MO), Fluka (Buchs, Switzerland), Alfa Aesar (HaverHill, MA), or TCI
Chemicals (Zwijndrecht, Belgium), and were of either analytical grade or the
highest available quality.

Citric acid (99.5%), boric acid, sodium hydroxide (99%) and the
sodium phosphate used to prepare the different buffers were obtained from
Merck (Darmstadt, Germany).

Rapeseed oil, red onions (Allium cepa L.), and commercially crispy
fried onions were purchased at local supermarkets.

Sephadex LH-20 was obtained from GE Healthcare Europe (Freiburg,
Germany). Silica gel, alumina, and thin-layer chromatography plates
(thickness of 0.2 mm) were purchased from Macherey Nagel (Gmbh, Diiren,

Germany).
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All solvents used in these studies (methanol, hexane, diethyl ether,

acetonitrile, chloroform, acetone) were analytical grade and were purchased

from Merck.
X0 ANXg W/\O
Propanal Butanal 2-Methylpropanal
\/\AO /ﬁ/% 0) /kAO
Pentanal 2-Methylbutanal 3-Methylbutanal
I Ov\
¢} X0
Hexanal Glyoxal
AN
X0 "o NN
Acrolein Crotonaldehyde 2-Pentenal
2-Octenal 2-Methyl-2-pentenal
O
\/\/MO /\/\/\/MO XX
2,4-Heptadienal 2,4-Decadienal Fumaraldehyde

Figure 37. Chemical structures of some of the aldehydes
employed in this study.

3.1.2. Syntheses of epoxyalkenals.
Three 4,5-epoxy-2-alkenals were employed in this study. They were

4,5-epoxy-2-hexenal, 4,5-epoxy-2-heptenal, and 4,5-epoxy-2-decenal. Their

syntheses were carried out from the corresponding 2,4-alkadienals (2,4-
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hexadienal, 2,4-heptadienal, and 2,4-decadienal, respectively) by epoxidation

with 3-chloroperoxybenzoic acid (Zamora et al., 2006b) (Figure 38).

P Y Ve R VA TS PV Ve
X0 o ~o
2,4-Hexadienal 2,4-Heptadienal 2.,4-Decadienal
m-Cl-C¢H,-COOOH m-Cl-C¢H,-COOOH m-Cl-C¢H,-COOOH
(0] \/<C|)/\/\ /\/\/<(J)/\/\
WO o )
4,5-Epoxy-2-hexenal 4,5-Epoxy-2-heptenal 4,5-Epoxy-2-decenal

Figure 38. Synthesis of epoxyalkenals used in this study.

In short, 3-chloroperoxybenzoic acid (69.5 mmol) was dissolved in
chloroform (175 ml), washed three times with 100 ml of buffer (0.2 M
Na,HPO,4 12H,0 adjusted to pH 7.5 with 0.1 M citric acid) followed by three
100 ml portions of water, and dried with anhydrous sodium sulfate. This
solution was added slowly to a solution of 2,4-alkadienal (39.9 mmol) in
chloroform (30 ml), which was stirred at room temperature overnight and,
finally, washed three times with 100 ml of buffer (0.2 M Na,HPO, 12H,0
adjusted to pH 7.5 with 0.1 M citric acid monohydrate) followed by three
extractions with 100 ml of water. The organic solution was dried over
anhydrous sodium sulfate and concentrated under vacuum. The residue was
fractionated by column chromatography on silica gel 60 (230-400 mesh;
Macherey-Nagel) using mixtures of hexane and acetone as eluent. The
separation was controlled by thin-layer chromatography. 4,5-Epoxy-2-
alkenals were obtained chromatographically pure. Confirmations of identity
and purity were obtained by gas chromatography-mass spectrometry (GC-
MS) by comparing retention times and mass spectra with authentic standards

prepared previously in the laboratory.
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3.1.3. Syntheses of oxoalkenals.

Two 4-oxo-2-alkenals were employed in this study. They were 4-oxo-
2-hexenal and 4-oxo0-2-nonenal, which were prepared by ring opening of the
corresponding 2-alkylfuran: 2-ethylfuran and 2-pentylfuran, respectively
(Shimozu et al., 2009) (Figure 39).

Briefly, N-bromosuccinimide (10.7 mmol) and pyridine (10 ml) were
added to a solution of 2-alkylfuran (16.6 mmol) in 11 ml of
tetrahydrofuran/acetone/water (5:4:2) in an ice bath. The reaction mixture was
stirred for 1 h at this temperature and, then, kept on stirring at room
temperature for 2 h. After this time, the mixture was diluted with 10 ml of
water and extracted three times with 50 ml of chloroform. The combined
chloroformic extracts were washed succesively with hydrochloric acid and
water in order to remove pyridine, then dried over anhydrous sodium sulfate,
and finally concentrated under vacuum. The residue was fractionated by
column chromatography on silica gel 60 (230-400 mesh; Macherey-Nagel)
using mixtures of hexane and ethyl acetate as eluent. The separation was
controlled by thin-layer chromatography. 4-Oxo-2-alkenals were obtained
chromatographically pure. Confirmations of identity and purity were obtained
by GC-MS as described above.

/\/\/@\/@

2-Pentylfuran 2-Ethylfuran
J N-Bromosuccinimide N-Bromosuccinimide
pyridine pyridine
o (0]
/\/\)WO \)J\/\%O
4-Ox0-2-nonenal 4-Oxo0-2-hexenal

Figure 39. Syntheses of 4-oxo-2-nonenal and 4-oxo-2-hexenal.
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3.2. Analytical instrumentation.

3.2.1. Gas chromatography-mass spectrometry (GC-MS).

GC-MS analyses were conducted with two instruments. Some GC-
MS analyses were carried out with a Hewlett-Packard 6890 GC Plus coupled
with an Agilent 5973 MSD (mass selective detector, quadrupole type). A
fused-silica HP5-MS capillary column (30 m x 0.25 pm i.d.; coating
thickness, 0.25 um) was used, and 1 ul of sample was injected in the pulsed
splitless mode. Other GC-MS analyses were conducted with an Agilent 7820
gas chromatograph coupled with an Agilent 5977B MSD (mass selective
detector, quadrupole type). In this case, the employed column was a fused-
silica DB-5MS Ul capillary column (30 m x 0.25 i.d.; coating thickness, 0.25

um), and 1 pl of sample was injected in the pulsed splitless mode.

3.2.2. Liquid chromatography- tandem mass spectrometry (LC-MS/MS).

Samples were analyzed by using an Agilent liquid chromatography
system (1200 Series) consisting of binary pump (G1312A), degasser
(G1379B), and autosampler (G1329A), connected to a triple quadrupole API
2000 mass spectrometer (Applied Biosystems, Foster City, CA) using an
electrospray ionisation interface in positive ionization mode (ESI), or in
negative ionization mode (ESI") in some cases. Compounds were separated on
a Zorbax Eclipse XDB-C18 (150 mm x 4.6 mm, 5 um) column from Agilent
(Santa Clara, CA).

3.2.3. Liquid chromatography-high resolution mass spectrometry (LC-
HRMS).

The LC-ESI-MS system consisted of a Dionex Ultimate 3000RS U-
HPLC (Thermo Fisher Scientific, Waltham, MA) coupled to a micrOTOF-QII
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ultra high resolution time-of-flight mass spectrometer (UHR-TOF) with g-
TOF geometry (Bruker Daltonics, Bremen, Germany). Chromatographic
separation was performed on a Zorbax Eclipse XDB-C18 column (150 mm x
4.6 mm, 5 um) from Agilent.

3.2.4. Nuclear magnetic resonance spectroscopy (NMR).

Most NMR spectra were obtained by using a Bruker Advance IlI
spectrometer operating at 500 MHz for protons. For 'H spectra, acquisition
parameters were: spectral width 10000 Hz, relaxation delay 1 s, number of
scans 16, acquisition time 3.277 s, and pulse width 90°, with a total
acquisition time of 1 min 17 s. For **C spectra, acquisition parameters were:
spectral width 27500 Hz, relaxation delay 2 s, acquisition time 1.188 s, and
number of pulses depended on the concentration of the sample. All
experiments were performed at 24 °C and 2D experiments (COSY, HMQC
and HMBC) were carried out to determine the chemical structures of the
isolated compounds. Only spectra of compounds 37-39 were obtained in a
Bruker AC-300P operating at 300 MHz for protons.

3.2.5. Other equipment.

The following equipment was also used: mortar, mixer UltraTurrax T-
25, rotary evaporator R210 (Biichi, Valinhos, Brazil), oven ULE 400 with
forced convection (Memmert, Schwabach, Germany), block heater QBH2
(Grant, Cambridge, UK), vortex Reax 2000 (Heidolph, Schwabach,
Germany), vacuum pump (Vacuubrand, Wertheim, Germany), stirrer heater
(Selecta, Univeba, Barcelona, Spain), magnetic stirrer hotplate
(Gallenkamp, Loughborough, UK ), centrifuge Sorvall RC6 plus (Thermo
Scientific), centrifuge Universal 16R (Hettich, Germany), heating/stirrer
module Reacti-Therm 111 TS-18823 (Thermo Scientific), fraction collector
7000 ultrorac (LKB), fraction collector Model 203 (Gilson, Middleton, W),
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and analytical precision balances (Sartorius, Goettingen, Germany). In
addition, a glass bowl, a heating mantle and a thermocouple were also used

for frying experiments with samples of onion.

3.3. Studied systems.

3.3.1. Formation of carbonyl-phenol adducts in the reaction of alkanals
and phenolic compounds.

3.3.1.1. Synthesis and Characterization of Alkanal-Phenol Adducts.

The reaction was carried out by mixing the saturated aldehyde (3
mmol) and the phenolic compound (3 mmol) in methanol (10 ml) containing
400 pl of triethylamine and heating the mixture in closed test tubes under
nitrogen at 60 °C. At the end of the heating process, reactions mixtures were
fractionated by column chromatography on silica gel 60 (230-400 mesh;
Macherey-Nagel) using mixtures of hexane and diethyl ether as eluent. The
separation was controlled by GC-MS using the analytical conditions described
in section 3.4.2.1. Different reactions were studied (see section 4.1).

In addition, a study of the reaction between pentanal and 2-
methylresorcinol was carried out in order to determine the reaction pathway
between alkanals and phenolic compounds. In this case, reaction was carried
out as described above but the products present in the reaction mixture were
stabilized by acetylation. Briefly, after the heating process, the reaction
mixture was cooled at room temperature for 15 min and taken to dryness
using a rotary evaporator. The dried sample was acetylated by adding 100 ml
of anhydrous pyridine and 50 ml of acetic anhydride, and then left in the dark
for 22 h at room temperature. After that time, 160 ml of water and 160 ml of
chloroform were added and the mixtures were stirred for 10 s. After phase
separation, the aqueous layer was removed and discarded. The resulting

organic phase was firstly washed three times with 250 ml of 5% hydrochloric
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acid until the pyridine was removed and then, with water to remove the
hydrochloric acid. The resulting organic extract was treated with sodium
sulfate to eliminate the remaining moisture, then taken to dryness, and,
finally, fractionated by column chromatography on silica gel 60 (230-400
mesh; Macherey-Nagel) using mixtures of hexane and diethyl ether as eluent
to isolate the produced compounds. The separation was controlled by GC-MS,
using the analytical conditions described in section 3.4.2.1.

The formed compounds were isolated and characterized by 1D and
2D NMR and MS, using the analytical conditions described in sections 3.2.4
and 3.4.2.1, respectively.

3.3.1.2. Effect of Aldehyde Chain Length on the Formation of Alkanal-Phenol
Adducts.

Mixtures of one phenolic compound (80 pmol) and four lineal
alkanals (propanal, butanal, pentanal, and hexanal, 20 pmol of each) in 500 pl
of methanol containing 20 pl of triethylamine were heated at 60 °C under
nitrogen. At different reaction times, reaction mixtures were cooled at room
temperature (15 min), 15 pl of the internal standard (a solution of 54.8 mg of
methyl heptanoate in 25 ml of methanol) was added, and the formation of the
corresponding adducts was studied by GC-MS using the analytical conditions
described in section 3.4.2.1. The phenolic compounds assayed were

resorcinol, 2-methylresorcinol, 2,5-dimethylresorcinol, and orcinol.

3.3.1.3. Effect of Aldehyde Branching on the Formation of Alkanal-Phenol
Adducts.

Two different studies were carried out. Firstly, mixtures of 2-
methylresorcinol (40 pmol) and two alkanals (butanal and 2-methylpropanal,
20 pumol of each) in 500 pl of methanol containing 20 pl of triethylamine

were heated at 60 °C under nitrogen. In the second study, mixtures of 2-
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methylresorcinol (60 pmol) and three alkanals (pentanal, 2-methylbutanal,
and 3-methylbutanal, 20 pmol of each) in 500 pl of methanol containing 20 pl
of triethylamine were heated at 60 °C under nitrogen. At different reaction
times, reaction mixtures were cooled at room temperature (15 min), 15 pl of
the internal standard (a solution of 54.8 mg of methyl heptanoate in 25 ml of
methanol) was added, and the formation of the corresponding adducts was
studied by GC-MS using the analytical conditions described in section 3.4.2.1.

3.3.2. Formation of carbonyl-phenol adducts in the reaction of
epoxyalkenals and phenolic compounds.

For analytical studies, mixtures of the epoxyalkenal (40 pumol in 40
uL of methanol) and the phenolic compound (30 umol in 170 L of water) in
0.3 M buffer (300 ul) were heated in closed test tubes at 100 °C for 30 min
under nitrogen. The solvent employed in most of experiments was 0.3 M
sodium phosphate buffer, pH 8. In addition, two buffers were employed when
studying the effect of reaction pH: sodium phosphate, pH 6-8, and sodium
borate, pH 8-9. At the end of the heating process, samples were cooled at
room temperature for 15 min, 1.2 ml of ethanol added, and taken to dryness
using a flow of nitrogen.

Dried samples were then acetylated by adding 30 pl of internal
standard (a solution of 36.64 mg of cis-3-nonen-1-ol in 5 ml of anhydrous
pyridine), 1 mL of anhydrous pyridine, and 500 pl of acetic anhydride, and
then left in the dark for 20 h at room temperature. After that time, 2 ml of
water and 2 ml of chloroform were added and the mixtures were stirred for 10
s. After phase separation, the aqueous layer was removed and discarded. The
resulting organic phase was firstly washed three times with 2 ml of 5%
hydrochloric acid until the pyridine was removed and then, with 2 ml of water
to remove the hydrochloric acid. The resulting organic extracts were treated
with sodium sulfate to eliminate the remaining moisture and then studied by

GC-MS using the analytical conditions described in section 3.4.2.2.
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For preparative studies, the reaction conditions were the same but the
reaction was carried out using 2.4 mmol of phenolic compound, 3.4 mmol of
epoxyalkenal, and 24 ml of 0.3 M sodium phosphate buffer, pH 8. Acetylation
of the heated and dried mixtures was carried out with 80 ml of anhydrous
pyridine and 40 ml of acetic anhydride. Acetylated compounds were extracted
with chloroform, and the pyridine was removed as described above. The
mixtures of acetylated compounds obtained were fractionated by column
chromatography on silica gel 60 (230-400 mesh; Macherey-Nagel,) using
mixtures of hexane and diethyl ether as eluent, and the separation was
controlled by GC-MS using the analytical conditions described in section
3.4.2.2. The compounds formed in the different assayed reactions (see section
4.2) were isolated and characterized by 1D and 2D NMR and MS, using the

analytical conditions described in sections 3.2.4 and 3.4.2.2, respectively.

3.3.3. Formation of carbonyl-phenol adducts in the reaction of

oxoalkenals and phenolic compounds.

For analytical purposes, mixtures of the oxoalkenal (40 pmol in 40 pL
of methanol) and the phenolic compound (30 pumol in 170 L of water) in 0.3
M buffer (300 ul) were heated in closed test tubes at 100 °C for 30 min under
nitrogen. The solvent employed in most of experiments was 0.3 M sodium
phosphate buffer, pH 8. In addition, three buffers were employed when
studying the effect of reaction pH: sodium citrate, pH 5; sodium phosphate,
pH 6-8; and sodium borate, pH 8-9. In reactions involving fumaraldehyde,
the commercial fumaraldehyde bis(dimethyl acetal) was previously treated
with Dowex 50WX8 to release the dialdehyde as indicated in section 3.1.1
and, then, treated with the phenolic compound for 30 min at 37 °C under
nitrogen in 0.3 M sodium phosphate buffer, pH 7. When reactions were
carried out in methanol/triethylamine, the phenolic compound was dissolved
in methanol and a total volume of 500 pL of methanol and 20 pL of

triethylamine was employed. In all cases, at the end of the heating process,
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samples were cooled at room temperature for 15 min and either submitted to
acetylation or reduction.

Samples to be acetylated were treated with 1.2 mL of ethanol and then
taken to dryness using a flow of nitrogen. Once dried, the internal standard
was added (30 pL of a solution of 36.64 mg of cis-3-nonen-1-ol in 5 mL of
anhydrous pyridine) and samples were acetylated as described in section
3.3.2. Acetylated samples were studied by GC-MS using the analytical
conditions described in section 3.4.2.3.

Samples to be reduced were treated with excess of sodium
borohydride for 1 h at room temperature and, then, extracted twice with ethyl
acetate. Reduced samples were studied by GC-MS using the analytical
conditions described in section 3.4.2.3.

For preparative purposes, identical reaction conditions were used but
higher amounts of reagents were employed: 2.4 mmol of phenolic compound,
3.4 mmol of oxoalkenal, and 24 mL of 0.3 M sodium phosphate buffer, pH 8,
in most experiments. Reactions involving the reduction of the produced
adducts were carried out using an amount of aldehyde four times higher than
that of phenol. Either acetylated or reduced samples were fractionated by
column chromatography on silica gel 60 (230-400 mesh; Macherey-Nagel)
using mixtures of hexane and diethyl ether as eluent. The separation was
controlled by GC-MS using the analytical conditions described in section
3.4.2.3. The compounds formed in the different assayed reactions (see section
4.3) were isolated and characterized by 1D and 2D NMR and MS, using the
analytical conditions described in sections 3.2.4 and 3.4.2.3, respectively.

3.3.4. Formation of carbonyl-phenol adducts in the reaction of alkenals

and quercetin.

A mixture of quercetin (200 umol) and acrolein, crotonaldehyde, or
(E)-2-pentenal (400 pmol) in methanol (2 ml) containing 290 umol of

triethylamine, was heated under nitrogen at 100 °C for 3.5 h (acrolein), 10 h
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(crotonaldehyde), or 96 h ((E)-2-pentenal), respectively. At the end of the
heating time, the reaction mixture was fractionated on a Sephadex LH-20
column using methanol/water (80/20, v/v) as eluent at a flow rate of 15 mi/h.
Eluted products were detected by MS/MS using direct injection and the
analytical conditions described in section 3.4.2.4. The compounds formed in
the different assayed reactions (see section 4.5) were isolated and
characterized by 1D and 2D NMR and LC-HRMS, using the analytical
conditions described in sections 3.2.4 and 3.4.2.4, respectively.

3.3.5. Thermal degradation of unsaturated aldehydes.

Two different procedures were followed depending on whether the
formed compounds were going to be either identified or quantified.

The identification of thermal degradation products of the studied
aldehydes was carried out by GC-MS after derivatization with 0-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride, according to a previously
described procedure (Zamora et al., 2006a), which was modified. Briefly, the
aldehyde (4 umol) was either heated alone or in the presence of 200 pl of 50
mM buffer pH 8, for 1 h at 200 °C in a closed test tube under either nitrogen
or air. Two buffers were employed: sodium phosphate and sodium borate. At
the end of the heating process, samples were cooled (5 min at room
temperature and 10 min at —20 °C) and derivatized with 400 pl of a freshly
prepared  solution of  0-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine
hydrochloride (10 mg/ml in methanol). The resulting solution was stirred and
incubated for 1 h at 37 °C. Finally, reactions were studied by GC-MS, using
the analytical conditions described in section 3.4.1.1.

Quantification of the compounds produced was carried out by LC-
MS/MS after derivatization with dansylhydrazine according to a previously
described procedure (Zamora et al., 2014), which was also modified. In short,
a solution of the aldehyde (0-80 pmol) in tetrahydrofuran (80 ul) was treated
with 0.2 M buffer (420 pl) and, then, heated for the indicated time and
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temperature in a closed test tube under air. The solvent employed in most of
experiments was 0.2 M sodium phosphate buffer, pH 8. In addition, three
buffers were employed when studying the effect of reaction pH: sodium
citrate, pH 2.15-5; sodium phosphate, pH 6-8; and sodium borate, pH 9-12.
At the end of the heating process, samples were cooled (5 min at room
temperature and 10 min at —20 °C). Fifty microliters of these cooled samples
were diluted with 350 ul of methanol, and treated with 50 ul of the internal
standard (a solution of 88 pmol of formaldehyde-d, in 2 ml of methanol), 150
ul of trifluoromethanesulfonic acid solution (3% in methanol), and 200 pl of
dansylhydrazine solution (4 mg/ml in methanol). The resulting solution was
incubated for 15 min at 100 °C, then maintained for 1 h at 25 °C, and finally
diluted with 200 pl of eluent A (a 30:70 mixture of 0.2% formic acid in
acetonitrile and 4 mM ammonium acetate), and analyzed by LC-MS/MS

using the analytical conditions described in section 3.4.1.1.

3.3.6. Deep-frying experiments.

Deep-frying experiments were carried out in rapeseed oil (100 g)
containing acrolein, crotonaldehyde, and (E)-2-pentenal (2.7 umol/g of oil of
each aldehyde), which were added before heating the oil. The oil was first
preheated for 9 min to achieve 160 °C and, then, heated in the presence, or
absence, of thin slices of onions (5 g) for further 3 min. At the end of the
heating time, the heated oils were analyzed for aldehyde contents by *H NMR
using the procedure described in section 3.4.1.2. The fried onions were also
analyzed to identify aldehyde-quercetin adducts.

Aldehyde-quercetin adducts were firstly extracted and concentrated
according to the following procedure: samples of onions (5 g each) were
homogenized in water (20 ml) and hexane (50 ml). The resulting mixture was
centrifuged at 75009 for 10 min at room temperature. The organic layer was
discarded and other 50 ml of hexane were added. The mixture was

homogenized again and centrifuged at 7500g for 10 min. The organic layer
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was discarded and methanol (80 ml) was added. The mixture was newly
homogenized and centrifuged at 7500g for 10 min. The supernatant was
collected and the solid was extracted with 100 ml of methanol/water (80/20,
v/v). The resulting mixture was centrifuged at 7500g for 10 min and the
supernatant was collected. Both supernatants were combined, concentrated to
about 4 ml using a rotatory evaporator (30 °C, 16 mbar) and fractionated on a
Sephadex LH-20 column using methanol/water (80/20, v/v) as eluent at a flow
rate of 15 mL/h. Fractions obtained were analyzed by LC-HRMS, using the
analytical conditions described in section 3.4.2.5. The different carbonyl-
phenol adducts were identified by comparison with adducts synthesized as
described in section 3.3.4, which were used as reference compounds. The
same procedure was used to analyze commercially prepared crispy fried

onions.

3.4. Analytical determinations.

3.4.1. Determination of aldehydes.

3.4.1.1. Aldehydes produced by thermal degradation of alkadienals amd 2-

alkenals.

Thermal degradation products of the studied aldehydes (2-pentenal, 2-
octenal, 2,4-heptadienal and 2,4-decadienal) were determined using the
samples prepared in section 3.3.5.

Samples for identification purposes were analyzed by GC-MS. In this
case, working conditions were as follows: carrier gas, helium (1 ml/min at
constant flow); injector temperature, 250 °C; oven temperature, from 70 (1
min) to 240 °C at 5 °C/min and, then, to 325 °C at 10 °C/min; transfer line to
MSD, 280 °C; ionisation EI, 70 eV. Reaction products were identified by
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comparison of mass spectra and retention times to those of authentic
standards.

On the other hand, samples for quantification purposes were analyzed
by LC-MS/MS. Working conditions were as follow: as eluent A, a 30:70
mixture of 0.2% formic acid in acetonitrile and 4 mM ammonium acetate was
used. As eluent B, a 0.2% formic acid solution in acetonitrile was employed.
The mobile phase was delivered at 0.5 ml/min using the following gradient:
for 0-13 min, the content of mobile phase B was 7%; for 13-20 min, the
content of mobile phase B was increased linearly from 7% to 60%; for 20-30
min, the content of mobile phase B was 60%; for 30—-32 min, the content of
mobile phase B was increased linearly from 60% to 90%; for 32—-42 min, the
content of mobile phase B was 90%; and for 42—-45 min, the content of mobile
phase B was decreased linearly from 90% to 7%. Mass spectrometric
acquisition was performed using multiple reaction monitoring (MRM). The
nebulizer gas (synthetic air), the curtain gas (nitrogen), and the heater gas
(synthetic air) were set at 40, 25, and 50 (arbitrary units), respectively. The
collision gas (nitrogen) was set at 3 (arbitrary units). The heater gas
temperature was set at 500 °C and the electrospray capillary voltage to 5.5 kV.
The fragment ions in MRM mode were produced by collision-activated
dissociation of selected precursor ions in the collision cell of the triple
quadrupole and the selected products analyzed with the second analyzer of the
instrument. Three transitions were acquired for the identification of each
dansylhydrazone derivative. To establish the appropriate MRM conditions for
the individual compounds, the mass spectrometric conditions were optimized
using infusion with a syringe pump to select the most suitable ion transitions
for the target analytes. Precursor and product ions used for quantification and

confirmation purposes, and operating conditions are summarized in Table 3.
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Table 3. Optimization of MRM transitions for detection of aldehydes.

Aldehyde Monitored DP FP EP CEP CE CXP
transition
Formaldehyde-d, 280.0—>156.1 26 360 8 18 47

280.0>1152 26 360 8 18 67
280.0»171.1 26 360 8 18 31
Formaldehyde 27811701 26 370 10 18 35
278.1»1281 26 370 10 18 71
27811152 26 370 10 18 77
Propanal 306.2—156.0 26 370 105 14 53
306.2-»1151 26 370 105 14 71
306251711 26 370 105 14 31
2-Pentenal 332.2—156.1 26 370 10 14 55
332251711 26 370 10 14 37
332251151 26 370 10 14 79
2-Methyl-2-pentenal  346.2—156.1 21 370 6.5 26 57
346251711 21 370 65 26 39
346251151 21 370 65 26 79
2,4-Heptadienal 358.1—170.1 21 370 8 16 29
358.1»1711 21 370 8 16 35
358.1>1152 21 370 8 16 79
Hexanal 348151561 26 370 105 16 61
34811151 26 370 105 16 83
34811712 26 370 105 16 41
2-Octenal 37411561 26 350 115 14 61
37411711 26 350 115 14 39
37411151 26 350 115 14 83

o O o A O O O b~ O M O O O W OO b~ O OO O b~ O B b OO O b O

2,4-Decadienal 400.1-170.0 21 370 105 16 33
400.1-171.1 21 370 105 16 37
400.1-595.1 21 370 105 16 37

Abbreviations: DP, declustering potential; FP, focusing potential; EP, entrance
potential; CEP, collision cell entrance potential; EC, collision energy; CXP, collision
cell exit potential.
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Quantification of the different aldehydes was carried out by preparing
five standard curves of aldehyde mixtures in 500 pl of the mixture
tetrahydrofuran/sodium phosphate buffer, pH 8, and following the whole
procedure described above. For each curve, seven different concentration
levels of each aldehyde (0-2 nmol) were used. Aldehyde contents were
directly proportional to aldehyde/IS area ratios (r > 0.99, p < 0.0001). All data
given are the mean of, at least, three independent experiments.

3.4.1.2. Aldehydes in heated oails.

Aldehydes content in oil samples subjected to deep-frying
experiments described in section 3.3.6 was determined by ‘H NMR
analogously to the analysis of oil components developed by Sopelana et al.
(2013). Briefly, oil samples (200 mg) were diluted with CDCl; (400 pl),
which contained 0.2% of nondeuterated chloroform, and their spectra were
obtained by *H NMR, using the analytical conditions described in section
3.2.4. Quantification of the three aldehydes (acrolein, crotonaldehyde, and
(E)-2-pentenal) was carried out by considering the area of the CHCI; signal
(at & 7.29 ppm) as internal standard. The proton of the aldehyde group
appeared as a doublet that was independent for each one of the three analyzed
aldehydes and appeared far from other signals in the spectrum. The signals of
the aldehydic proton appeared at ¢ 9.55 (d, J = 7.4 Hz) for acrolein, 9.47 (d, J
= 7.9 Hz) for crotonaldehyde, and 9.49 (d, J = 7.7 Hz) for (E)-2-pentenal.
Four samples were analyzed for each heated oil and each sample was
measured three times. Therefore, the aldehyde content for each analyzed oil

was the mean value of 12 determinations.
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3.4.2. Determination of carbonyl-phenol adducts.

3.4.2.1. Adducts formed with alkanals.

Alkanal-phenol adducts were determined in the samples prepared
according to the procedure described in section 3.3.1 by GC-MS. Working
conditions were as follows: carrier gas, helium (1 mL/min at constant flow);
injector temperature, 250 °C; transfer line to MSD, 280 °C; ionization EIl, 70
eV; ion source temperature, 230 °C. Two oven temperatures were
programmed. For acetylated derivatives, the oven temperature was
programmed from 100 °C (1 min) to 300 °C at 15 °C/min and, then, 5 min at
300 °C. For nonacetylated derivatives, the oven temperature was programmed
from 40 °C (1 min) to 240 °C at 12 °C/min, then to 300 °C at 20 °C/min, and,
finally, 5 min at 300 °C. The flow velocities employed were 30 cm/s for
acetylated compounds and 37 cm/s for nonacetylated compounds.

Quantification of alkanal-phenol adducts was carried out by preparing
standard curves of the isolated adducts in the 515 pl of solution employed in
samples prepared in section 3.3.1. Seven different concentration levels were
used. Adduct content was directly proportional to the aldehyde/internal
standard area ratio (r > 0.98, p < 0.001). The coefficients of variation were
less than 10 %. When one adduct was not available, such as the adducts
derived from either orcinol or butanal, the calibration curve used was that of

the adduct with the closest chemical structure.

3.4.2.2. Adducts formed with epoxyalkenals.

Epoxyalkenal-phenol adducts were determined in the samples
prepared according to the procedure described in section 3.3.2 by GC-MS.
The following working conditions were employed: carried gas, helium (0.8
ml/min at constant pressure); injector, 250 °C; oven temperature programmed
from 100 °C (1 min) to 300 °C at 15 °C/min and then 5 min at 300 °C;
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transfer line to MSD, 280 °C; ionization EIl, 70 eV; ion source temperature,
230 °C; mass range 50-550 amu.

The quantification of aldehyde-phenol adducts was carried out by
preparing standard curves of the isolated adducts (20a, 20b, 25a, 25b) in the
reaction between 4,5-epoxy-2-heptenal and 2-methylresorcinol. For each
curve, six different concentration levels were used. Adduct content was
directly proportional to the adduct/internal standard area ratio (r > 0.99, p <
0.001). The coefficients of variation were <10%. Because the reaction
between 4,5-epoxy-2-heptenal and 2-methylresorcinol produced four isomers
of  1-ethyl-8-methyl-3,4,4a,9a-tetrahydro-1H-pyrano[3,4-b]benzofuran-3,7-
diyl diacetates (25a, 25b, 25c and 25d) and only two of them could be
isolated and employed for preparing the corresponding standard curves (25a
and 25b), the quantification of the other two isomers (25c¢, 25d) was carried
out by employing a calibration curve that was the media of the other two. This
approximation should be considered satisfactory because the calibration
curves of the adducts 25a and 25b were very similar between them.

3.4.2.3. Adducts formed with oxoalkenals.

Oxoalkenal-phenol adducts were determined in the samples prepared
according to the procedure described in section 3.3.3 by GC-MS. Working
conditions employed were similar to those described in section 3.4.2.2.

Adducts were quantified by preparing standard curves of the isolated
adducts (29-31) in the reaction between 4-oxo-2-hexenal and 2-
methylresorcinol. Six different concentration levels were used. Adduct
content was directly proportional to the adduct/internal standard area ratio (r >
0.99, p < 0.001). The coefficients of variation were <10%.
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3.4.2.4. Adducts formed with alkenals in model systems.

Two different methods were used in the determination of aldehyde-
quercetin adducts in model systems, prepared according to the procedure
described in section 3.3.4.

On the one hand, these adducts were analyzed by MS/MS using direct
injection. It was used in order to detect the eluted products in the gel filtration
separation carried out using a Sephadex LH-20 column, which was described
in section 3.3.4. Working conditions for MS/MS analyses were as follows: the
nebulizer gas and the curtain gas were set at 19 and 10 (arbitrary units),
respectively. The electrospray capillary voltage was set to —4.5 kV, the
declustering potential was —50 V, the focusing potential was —400 V and the
entrance potential was —10 V.

In addition, aldehyde-quercetin adducts were analyzed by LC-HRMS,
in order to characterize the adducts synthesized as reference compounds.
Working conditions were as follows: as eluent A, a mixture of acetonitrile
containing 0.2% formic acid and 4 mM ammonium formiate (30/70, v/v) was
used. As eluent B, acetonitrile containing 0.2% formic acid was employed.
The flow rate was 0.5 mL/min in linear gradient mode: 0—13 min 7% B,
13—20 min from 7 to 60% B, 20—30 min 60% B, 30— 32 min from 60 to 90%
B, 32—42 min 90% B, 42—45 min from 90 to 7% B. A split postcolumn with a
flow rate of 0.25 mL/min was inserted directly into the mass spectrometer ESI
source. The scan range applied was m/z 50—1500 and mass resolving power
was always over 18,000 (m/4m). The instrument was operated in the negative
ion mode. Mass spectra and data were obtained by broadband Collision
Induced Dissociation (bbCID) mode, providing MS and MS/MS spectra
simultaneously. Collision energy was estimated dynamically based on
appropriate values for the mass and stepped across a £ 10% magnitude range
to ensure good quality fragmentation spectra. The instrument control was
performed using Compass 1.3 for micrOTOF-QII + Focus Option Version 3.0
(Bruker Daltonics).
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3.4.2.5. Adducts formed with alkenals in fried onions.

Aldehyde-quercetin adducts were analyzed by LC-HRMS, in order to
detect their presence in onions fried in the laboratory and commercially
prepared crispy fried onions. Fried onion samples were prepared for their
analysis according to the procedure described in section 3.3.6. Working
conditions for LC-HRMS analyses were similar to those described in section
3.4.2.4.

3.5. Statistical analyses.

All guantitative data given are mean + standard deviation (SD) values
of, at least, three independent experiments. Statistical comparisons among
different groups were made using analysis of variance. When significant F
values were obtained, group differences were evaluated by the Tukey test
(Snedecor & Cochran, 1980). Statistical differences among the amounts of
aldehydes remaining in the oils after heating in the presence or in the absence
of onions were evaluated by the Student t-test. Statistical comparisons were
carried out using Origin® v. 7.0 (OriginLab Corporation, Northampton, MA).

The significance level is p < 0.05 unless otherwise indicated.
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This part will describe the reaction between phenolic compounds and
alkanals (section 4.1), epoxyalkenals (section 4.2), and oxoalkenals (section
4.3). In addition, the thermal decomposition suffered by unsaturated
aldehydes was also investigated to understand the complex mixtures of
carbonyl-phenol adducts formed in the reaction between phenolics and lipid-
derived unsaturated aldehydes (section 4.4). Finally, section 4.5 will be
dedicated to the study of the presence of carbonyl-phenol adducts in food
products. Besides, sections 4.1 to 4.3 have been divided into different
subsections to try to achieve the specific objectives proposed in section 2.
Thus, the isolation and characterization of the formed carbonyl-phenol
adducts will be firstly discussed. Then, the role of reaction conditions on the
formation of carbonyl-phenol adducts will be analyzed. Finally, the SAR of
both phenolics and carbonyl compounds for these reactions will be examined.
The reaction pathways proposed for the formation of the different carbonyl-

phenol adducts will be discussed in the Discussion section.

4.1. Alkanal-trapping ability of phenolic compounds.

This section firstly describes the reaction of lipid-derived flavor-
relevant alkanals and phenolic compounds. In addition, reactions with glyoxal
are also reported for comparison purposes. The carbonyl-phenol adducts
produced in the different reactions were isolated and characterized by NMR
and MS. Because a large number of alkanals are available, in addition to the
isolation and characterization of the formed products, the SAR of both

phenolics and carbonyl compounds for these reactions were also investigated.
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4.1.1. Characterization of the adducts produced in the reaction between

alkanals and phenolic compounds.

Two kinds of studies were carried out. Firstly, a reaction mixture
between pentanal and 2-methylresorcinol was acetylated and fractionated by
column chromatography to isolate products and intermediates that could be
employed to identify the reaction pathway by which the reaction is produced.
The results obtained in this study will be presented in subsection 4.1.1.1.
Secondly, the adducts formed in the reaction among a wide variety of
saturated aldehydes and phenolics were isolated and characterized in order to
obtain standards that could be employed in the studies of SAR. These results

will be described in subsection 4.1.1.2.

4.1.1.1. Compounds isolated and characterized in the reaction of pentanal

and 2-methylresorcinol after acetylation of the reaction mixture.

In order to determine the different compounds produced between
alkanals and phenolic compounds, a preliminary study between pentanal and
2-methylresorcinol was carried out. In this study, a mixture of pentanal and 2-
methylresorcinol in methanol was heated under nitrogen for 72 h at 60 °C.
Afterwards, reaction products were stabilized by acetylation to avoid both
reaction reversion and further polymerizations. Thus, the different adducts
produced could be identified by GC-MS previously to be isolated by column
chromatography and characterized by NMR and MS. The total ion
chromatogram obtained by GC-MS of the reaction mixture is shown in

Figure 40.
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Figure 40. Total ion chromatogram obtained by GC-MS of the
reaction between pentanal and 2-methylresorcinol after
acetylation. Only the portion corresponding to the phenolic and
epoxyalkenal/phenol adducts is shown. Chemical structures for
the identified compounds are given in Figure 41.

Compound 1 was the product of acetylation of 2-methylresorcinol (2-
methyl-1,3-phenylene diacetate). The other compounds were isolated by
column chromatography and characterized by 1D and 2D NMR and MS.

Their structures are shown in Figure 41.
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Figure 41. Chemical structures of the compounds isolated and
characterized by NMR and MS in the reaction between pentanal
and 2-methylresorcinol.

The chromatographic, spectroscopic, and spectrometric data of the

isolated and characterized compounds are the following:

4-(1-Methoxypentyl)-2-methyl-1,3-phenylene diacetate (2). Yield:
13.8%. Retention time: 11.21 min. *H NMR (CDCls): & (ppm) 0.90t (3H, J =
7.1 Hz, H5’), 1.29m and 1.41m (2H, H3’), 1.32m (2H, H4’), 1.62m and
1.75m (2H, H2’), 1.98s (3H, CH;C2), 2.33s (3H, CH;CO), 2.33s (3H,
CH4CO), 3.17s (3H, CH50), 4.15dd (1H, J = 5.0 Hz, J = 8.0 Hz, H1"), 7.00d
(1H, J = 8.1 Hz, H6), and 7.26d (1H, J = 8.1 Hz, H5). *C NMR (CDCl): &
(ppm) 10.11 (CH5C2), 13.97 (C5°), 20.74 (CH3CO), 20.79 (CH,CO), 22.52
(C4%), 28.07 (C3’), 36.63 (C2°), 56.97 (CH0), 79.05 (C1’), 119.93 (C6),
123.66 (C2), 124.97 (C5), 132.36 (C4), 148.03 (C3), 148.89 (C1), 168.89
(CO), and 168.92 (CO). MS, m/z (%, ion structure): 308 (0.02, M"), 277 (0.02,
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M* — CH;0), 265 (3, M" — CH;CO), 251 (50, M" — CH3CH,CH,), 234 (19,
C13H1404), 209 (76, 251 — CH,CO), 192 (70, 234 — CH,CO), and 167 (100,
209 — CH,CO).

2-Methyl-4-(pent-1-en-1-yl)-1,3-phenylene diacetate (3). Yield: 5.2%.
Retention time: 11.46 min. *H NMR (CDCls): & (ppm) 0.96t (3H, J = 7.3 Hz,
H5’), 1.50sx (2H, J = 7.3 Hz, H4’), 1.99s (3H, CH,C2), 2.20qd (2H, J = 7.3
Hz, J = 1.2 Hz, H3"), 2.33s (3H, CH,CO), 2.37s (3H, CH,CO), 6.18dt (1H, J
=15.8 Hz, J= 6.8 Hz, H2"), 6.31d (1H, J = 15.8 Hz, H1"), 6.94d (1H, J =85
Hz, H6), and 7.37d (1H, J = 8.5 Hz, H5). **C NMR (CDCls): § (ppm) 10.11
(CH3C2), 13.64 (C5°), 20.49 (CH,CO), 20.80 (CH5CO), 22.38 (C4), 35.37
(C3°), 119.83 (C6), 123.10 (C1’), 123.55 (C2), 123.94 (C5), 128.83 (C4),
133.85 (C2°), 146.94 (C3), 148.50 (C1), 168.58 (CO), and 169.03 (CO). MS,
m/z (%, ion structure): 276 (17, M"), 234 (38, M* — CH,CO), 192 (100, 234 —
CH,CO), and 163 (97, 192 — CH3;CH,).

4-(1-Acetoxypentyl)-2-methyl-1,3-phenylene  diacetate (4). Yield:
3.2%. Retention time: 12.22 min. *H NMR (CDCl,): & (ppm) 0.90t (3H, J =
7.1 Hz, H5%), 1.24m and 1.34m (2H, H3’), 1.34m (2H, H4’), 1.79m and
1.92m (2H, H2’), 1.98s (3H, CH5C2), 2.04s (3H, CH,COOC]!"), 2.34s (3H,
CH,CO), 2.38s (3H, CH3CO), 5.87br (1H, H1°), 6.99d (1H, J = 8.4 Hz, H6),
and 7.29d (1H, J = 8.4 Hz, H5). *C NMR (CDCls): & (ppm) 10.24 (CH;C2),
13.90 (C5%), 20.59 (CH,COOC1), 20.82 (CH3CO), 21.06 (CHsCO), 22.34
(C4%), 27.78 (C37), 34.44 (C2’), 70.95 (C1°), 119.92 (C6), 124.17 (C2),
125.43 (C5), 130.46 (C4), 147.77 (C3), 149.41 (C1), 168.60 (CO), and 168.86
(CO). MS, m/z (%, ion structure): 336 (0.2, M"), 277 (1, M* — CH3;COO0), 276
(0.4, M" — CH3;COOH), 234 (16, 276 — CH,CO), 192 (100, 234 — CH,CO),
and 163 (62, 192 — CH;3CH,).
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4-Butyl-8-methyl-3-propylchroman-2,7-diyl ~ diacetate (5). Yield:
2.9%. Retention time: 13.65 min. *H NMR (CDCl,): & (ppm) 0.92t (3H, J =
7.2 Hz, CH;CH,), 0.95t (3H, J = 7.0 Hz, CH;3CH,), 1.4m (8H, CH3;CH,,
CH;3CH,, CH3;CH,CH,, and CH3;CH,CH,), 2.02s (3H, CH5C8), 2.06s (3H,
CH;3CO), 2.33s (3H, CH3CO), 2.55dd (1H, J = 5.5 Hz and J = 9.9 Hz, H3),
2.80dt (2H, J=5.3 Hz and J = 7.7 Hz, CH2C4), 2.95dt (1H, J=4.8 Hz and J
=7.5Hz, H4), 6.37dd (1H, J=1.3 Hz and J = 1.9 Hz, H2), 6.67d (1H, J = 8.3
Hz, H6), and 6.98d (1H, J = 8.3 Hz, H7). *C NMR (CDCIl5): & (ppm) 9.23
(CHsC8), 14.01 (CH3CH,), 14.23 (CH3CH,), 20.13 (CH3CH,), 20.83
(CH3CO), 21.19 (CHsCO), 23.01 (CH;CH,), 27.48 (CH3;CH,CH,), 29.97
(CH;CH,CH,), 33.83 (C4), 36.72 (CH,C4), 37.45 (C3), 93.90 (C2), 114.86
(C6), 118.60 (C8), 122.55 (C4a), 127.31 (C5), 148.54 (C7), 150.45 (C8a),
169.35 (CO), and 169.64 (CO). MS, m/z (%, ion structure): 362 (7, M"), 320
(8, M" — CH,CO), 303 (3, M" — CH,CO0), 302 (1, M* — CH,COOH), 260 (9,
302 — propene), 259 (22, 302 — CH;CH,CH;), 245 (19, 302 -
CH3CH,CH,CH,), 217 (32, 260 — CH3CH,CH,), and 203 (100, 260 —
CH3CH,CH,CH,).

4.1.1.2. Compounds isolated and characterized in the different

alkanal/phenolic compound reaction mixtures assayed.

In order to prepare the adducts needed for the SAR studies, a number
of reactions involving different saturated aldehydes and phenolic compounds
were carried out and the corresponding carbonyl-phenol adducts were
analyzed and characterized. Thus, the adducts produced in the reactions
between propanal, 2-methylbutanal, pentanal and hexanal with resorcinol
were isolated and characterized. In the same way, the adducts produced in the
reactions between propanal, 2-methylbutanal, 3-metilbutanal, pentanal and

hexanal with 2-methylresorcinol were isolated and characterized as well.
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Furthermore, analogous reactions between glyoxal and resorcinol or 2-
methylresorcinol, and the reaction between resorcinol and 2-methyl-2-
pentenal were also studied for comparison purposes.

Reactions were carried out analogously to the reaction between
pentanal and 2-methylresorcinol discussed in subsection 4.1.1.1, but formed
compounds were isolated without acetylation. In all studied reactions, only
major reaction products were isolated and characterized. Figure 42 shows the
adducts isolated in the different assayed reactions.

The chromatographic, spectroscopic, and spectrometric data of the
isolated and characterized compounds are the following:

The reaction between resorcinol and propanal produced 4-(1-
methoxypropyl)benzene-1,3-diol (6). The reaction was heated for 48 h at 60 °C
and compound 6 was isolated using hexane-diethyl ether (7:3) as eluent.
Retention time: 18.18 min. *H NMR (CD;0D): & (ppm) 0.88t (3H, J = 7.5 Hz,
H3”), 1.67m and 1.77m (2H, H2"), 3.22s (3H, CH30), 4.42t (1H, J = 6.7 Hz,
H1%), 6.29d (1H, J = 2.3 Hz, H2), 6.31dd (1H, J = 2.3 Hz, J = 8.2 Hz, H6),
and 6.96d (1H, J = 8.2 Hz, H5). *C NMR (CD30D): & (ppm) 9.15 (C3),
28.98 (C2’), 55.24 (CH30), 80.31 (C1’), 102.07 (C2), 106.39 (C6), 118.25
(C4), 127.61 (C5), 156.17 (C3), and 157.21 (C1). MS, m/z (%, ion structure):
150 (100, M* — CH30H), 133 (19, 150 — OH), and 123 (36, C;H;0,).
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Figure 42. Chemical structures of the carbonyl-phenol adducts
isolated and characterized by NMR and MS in the different
assayed reactions between alkanals and phenolics. The aldehyde
and the phenolic compound involved in the formation of each
adduct is described in the text.

The reaction between resorcinol and pentanal produced 4-(1-

methoxypentyl)benzene-1,3-diol (7) and 2-(1-hydroxypentyl)benzene-1,3-diol
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(8). The reaction was heated for 72 h at 60 °C and the compounds were
isolated using hexane-diethyl ether (3:1) as eluent. Retention time of
compound 7: 20.04 min. Retention time of compound 8: 18.87 min. *H NMR
(CDs0D) of compound 7: & (ppm) 0.90t (3H, J = 7.2 Hz, H5”), 1.35m (4H,
H3’ and H4’), 1.65m and 1.75m (2H, H2"), 3.21s (3H, CH30), 4.50t (1H, J =
6.6 Hz, H1”), 6.28d (1H, J = 2.4 Hz, H2), 6.31dd (1H, J = 2.4 Hz, J = 8.2 Hz,
H6), and 6.96d (1H, J = 8.2 Hz, H5). *C NMR (CD;0D) of compound 7: &
(ppm) 13.02 (C5%), 22.26 (C4%), 27.73 (C3), 35.92 (C2’), 55.14 (CH;30),
78.31 (C17), 102.03 (C2), 106.40 (C6), 118.55 (C4), 127.52 (C5), 156.14
(C3), and 157.20 (C1). MS of compound 7, m/z (%, ion structure): 178 (38,
M* — CH;OH), and 149 (100, 178 — CHsCH,). 'H NMR (CD;0OD) of
compound 8: & (ppm) 0.92t (3H, J = 7.2 Hz, H5’), 1.36m (2H, H4’), 1.36m
and 1.49m (2H, H3"), 1.78m and 1.81m (2H, H2"), 5.22dd (1H, J = 5.4 Hz, J
=7.7Hz, HI"), 6.27d (2H, J = 8.1 Hz, H4 and H6), and 6.87t (1H, J = 8.1 Hz,
H5). *C NMR (CD;0D) of compound 8: & (ppm) 13.03 (C5), 22.27 (C4),
27.48 (C3%), 36.17 (C2’), 68.95 (C1°), 106.76 (C4 and C6), 115.54 (C2),
127.54 (C5), and 155.72 (C1 and C3). MS of the dehydrated product formed
from compound 8, m/z (%, ion structure): 178 (48, M"), 149 (100, M* —
CH3CHy,), and 123 (56, C;H;0,).

The reaction between resorcinol and 2-methylbutanal produced 4-(1-
methoxy-2-methylbutyl)benzene-1,3-diol (9a and 9b). This compound has two
chiral centers at C1” and C2’. Therefore, it was produced as two pairs of
diastereomers, which have been named 9a and 9b. Their retention times were
18.64 and 18.86 min. The reaction was heated for 48 h at 60 °C and the
compounds were isolated using hexane-diethyl ether (7:3) as eluent. '"H NMR
(CD30D) of compound 9a: & (ppm) 0.73d (3H, J = 6.9 Hz, CH;C2’), 0.92t
(3H, J =17.5 Hz, C4’), 1.21m and 1.76m (2H, H3), 1.73m (2H, H2’), 3.19s
(3H, CH30), 4.24d (1H, J=7.8 Hz, H1"), 6.28d (1H, J = 2.4 Hz, H2), 6.32dd
(1H, J = 2.4 Hz, J = 8.2 Hz, H6), and 6.92d (1H, J = 8.2 Hz, H5). *C NMR
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(CD;0D) of compound 9a: & (ppm) 10.19 (C4°), 14.26 (CH5C2’), 24.98
(C3%), 40.21 (C2°), 55.44 (CH30), 83.13 (C1%), 101.93 (C2), 106.16 (C6),
117.37 (C4), 128.46 (C5), 156.60 (C3), and 157.09 (C1). MS of compound
9a, m/z (%, ion structure): 178 (100, M* — CH3;OH), 163 (71, 178 — CH3), 149
(84, 178 — CH5CH,), and 123 (75, C;H;0,). *H NMR (CD;OD) of compound
9b: & (ppm) 0.86t (3H, J = 7.5 Hz, C4’), 0.95d (3H, J = 6.7 Hz, CH,C2"),
1.10m and 1.37m (2H, H3"), 1.73m (2H, H2"), 3.20s (3H, CH;0), 4.28d (1H,
J=6.9 Hz, H1"), 6.28d (1H, J = 2.4 Hz, H2), 6.32dd (1H, J = 2.4 Hz, J = 8.2
Hz, H6), and 6.93d (1H, J = 8.2 Hz, H5). *C NMR (CD;0OD) of compound
9b: & (ppm) 10.51 (C4%), 13.90 (CHC2%), 25.53 (C3’), 40.18 (C2°), 55.60
(CH;0), 82.98 (C1°), 101.96 (C2), 106.26 (C6), 117.54 (C4), 128.26 (C5),
156.40 (C3), and 157.17 (C1). MS of compound 9b, m/z (%, ion structure):
178 (100, M" — CH;0H), 163 (80, 178 — CH3), 149 (95, 178 — CH;CH,), and
123 (81, C;H0,).

The reaction between resorcinol and hexanal produced 4-(1-
methoxyhexyl)benzene-1,3-diol (10). The reaction was heated for 3 h at 100 °C
and compound 10 was isolated using hexane-diethyl ether (75:25) as eluent.
Retention time: 12.08 min. "H NMR (CD;OD): & (ppm) 0.88t (3H, J = 6.9 Hz,
H6%), 1.27m (6H, H3’, H4’, and H5"), 1.66m (2H, H2"), 3.21s (3H, CH;0),
4.48t (1H, J = 6.7 Hz, H1"), 6.26dd (1H, J = 2.5 Hz, J = 8.1 Hz, H6), 6.30d
(1H, J = 2.5 Hz, H2), and 6.94d (1H, J = 8.1 Hz, H5). **C NMR (CD;0D): &
(ppm) 14.40 (C6”), 23.70 (C5°), 26.58 (C4’), 32.94 (C3”), 37.62 (C2°), 56.51
(CH30), 79.93 (C17), 103.33 (C6), 107.74 (C2), 119.93 (C4), 128.82 (C5),
157.55 (C3), and 158.60 (C1). MS, m/z (%, ion structure): 192 (34, M* —
CH3OH), 163 (2, 192 — CH3CH,), and 149 (100, 192 — CH;CH,CH,).

The reaction between 2-methylresorcinol and propanal produced 4-(1-

methoxypropyl)-2-methylbenzene-1,3-diol (11). The reaction was heated for
72 h at 60 °C and compound 11 was isolated using hexane-diethyl ether (9:1)
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as eluent. Retention time: 18.52 min. *H NMR (CD;OD): & (ppm) 0.88t (3H, J
= 7.5 Hz, H3’), 1.68m and 1.83m (2H, H2"), 2.07s (3H, CH;3C2), 3.29s (3H,
CH;30), 4.23t (1H, J = 6.9 Hz, H1’), 6.33d (1H, J = 8.2 Hz, H6), and 6.96d
(1H, J = 8.2 Hz, H5). °C NMR (CD;0D): & (ppm) 7.08 (CH5C2), 9.32 (C3°),
28.84 (C2’), 55.60 (CH30), 80.81 (C1°), 106.04 (C6), 111.36 (C2), 116.85
(C4), 125.02 (C5), 153.92 (C3), and 155.41 (C1). MS, m/z (%, ion structure):
164 (100, M* — CH3;0H), 149 (42, 164 — CHs), 147 (17, 164 — OH), and 137
(20, CgHq0y).

The reaction between 2-methylresorcinol and pentanal produced 4-(1-
methoxypentyl)-2-methylbenzene-1,3-diol (12) and 2-methyl-4-(pent-1-en-1-
yl)benzene-1,3-diol (13). The reaction was heated for 72 h at 60 °C and the
compounds were isolated using hexane-diethyl ether (85:15) as eluent.
Retention time of compound 12: 20.28 min. Retention time of compound 13:
20.38 min. '"H NMR (CD;0D) of compound 12: & (ppm) 0.89t (3H, J = 7.2
Hz, H5), 1.23m and 1.38m (2H, H3’), 1.31m (2H, H4"), 1.65m and 1.82m
(2H, H2’), 2.08s (3H, CH,C2), 3.28s (3H, CH30), 4.31t (1H, J = 6.9 Hz,
H1’), 6.33d (1H, J = 8.2 Hz, H6), and 6.69d (1H, J = 8.2 Hz, H5). *C NMR
(CD0D) of compound 12: § (ppm) 7.09 (CH3C2), 13.04 (C5°), 22.23 (C4"),
27.84 (C3°), 35.72 (C2), 55.52 (CH0), 83.31 (C1°), 106.05 (C6), 111.36
(C2), 117.15 (C4), 124.89 (C5), 153.89 (C3), and 155.41 (C1). MS of
compound 12, m/z (%, ion structure): 192 (36, M* — CH;OH), and 163 (100,
192 — CH5CH,). 'H NMR (CD50D) of compound 13: & (ppm) 0.95t (3H, J =
7.4 Hz, H5"), 1.50sx (2H, J = 7.4 Hz, H4"), 2.08s (3H, CH5C2), 2.18qd (2H, J
=14 Hz, J=17.2 Hz, H3’), 5.98dt (1H, J = 7.2 Hz, J = 15.7 Hz, H2"), 6.33d
(1H, J = 8.4 Hz, H6), 6.63d (1H, J = 15.7 Hz, H1’), and 7.03d (1H, J = 8.4
Hz, H5). *C NMR (CD;0D) of compound 13: & (ppm) 7.48 (CH5C2), 12.74
(C5%), 22.62 (C4’), 35.27 (C3), 106.98 (C6), 11133 (C2), 117.90 (C4),
123.04 (CS5), 125.02 (C1°), 127.45 (C2’), 152.39 (C3), and 154.86 (C1). MS
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of compound 13, m/z (%, ion structure): 192 (35, M"), and 163 (100, M* —
CHsCH,).

The reaction between 2-methylresorcinol and 2-methylbutanal
produced 4-(1-methoxy-2-methylbutyl)-2-methylbenzene-1,3-diol (14a and
14b). Analogously to compounds 9a and 9b, this compound also has two
chiral centers at C1° and C2’. Therefore, it was produced as two pairs of
diastereomers, which have been named 14a and 14b. Their retention times
were 19.05 and 19.27 min. The reaction was heated for 72 h at 60 °C and the
compounds were isolated using hexane-diethyl ether (85:15) as eluent. H
NMR (CD;0OD) of compound 14a: & (ppm) 0.71d (3H, J = 6.9 Hz, CH;C2"),
0.84t (3H, J = 7.4 Hz, C4’), 1.20m and 1.80m (2H, H3’), 1.79m (1H, H2"),
2.07s (3H, CH5C2), 3.28s (3H, CH;0), 4.01d (1H, J = 8.1 Hz, H1’), 6.32d
(1H, J = 8.2 Hz, H6), and 6.65d (1H, J = 8.2 Hz, H5). **C NMR (CDs0OD) of
compound 14a: & (ppm) 7.09 (CH3C2), 10.52 (C4’), 14.60 (CH3C2’), 25.10
(C3%), 39.78 (C2°), 55.99 (CH30), 88.17 (C1%), 105.79 (C6), 111.23 (C2),
115.60 (C4), 126.11 (C5), 154.22 (C3), and 154.33 (C1). MS of compound
14a, m/z (%, ion structure): 192 (82, M* — CH3OH), 177 (48, 192 — CH;), 163
(100, 192 — CH,CH,), and 137 (49, CgHs0,). '"H NMR (CD;0D) of compound
14b: & (ppm) 0.92t (t, 3H, J = 6.9 Hz, C4°), 0.99d (d, 3H, J = 6.7 Hz,
CH3C2’), 1.05m and 1.30m (2H, H3"), 1.72m (1H, H2"), 2.07s (3H, CH5C2),
3.29s (3H, CH50), 4.07d (1H, J = 7.5 Hz, H1’), 6.33d (1H, J = 8.2 Hz, H6),
and 6.66d (1H, J = 8.2 Hz, H5). *C NMR (CD;OD) of compound 14b: &
(ppm) 7.09 (CH5C2), 10.16 (C4%), 14.15 (CH4C2%), 25.65 (C37), 40.39 (C2),
56.12 (CH30), 87.98 (C1°), 105.87 (C6), 111.23 (C6), 115.83 (C4), 125.88
(C5), 154.17 (C3), and 155.41 (C1). MS of compound 14b, m/z (%, ion
structure): 192 (90, M* — CH;0OH), 177 (45, 192 — CH,), 163 (100, 192 —
CH4CH,), and 137 (49, CsHq05).

The reaction between 2-methylresorcinol and 3-methylbutanal
produced 4-(1-methoxy-3-methylbutyl)-2-methylbenzene-1,3-diol (15). The
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reaction was heated for 48 h at 60 °C and compound 15 was isolated using
hexane-diethyl ether (85:15) as eluent. Retention time: 19.97 min. '"H NMR
(CDs;0D): & (ppm) 0.92d (3H, J = 6.6 Hz, C4’), 0.94d (3H, J = 6.6 Hz,
CH3C3’), 1.46m and 1.76m (2H, H3’), 1.67hp (1H, J = 6.6 Hz, H3"), 2.08s
(3H, CH3C2), 3.27s (3H, CH30), 4.42dd (1H, J = 6.0 Hz, J = 8.2 Hz, HI"),
6.34d (1H, J = 8.2 Hz, H6), and 6.71d (1H, J = 8.2 Hz, H5). *C NMR
(CDs0OD): & (ppm) 7.09 (CH3C2), 21.42 (CH3C3”), 22.07 (C4’), 24.53 (C3),
45.26 (C2’), 55.43 (CH30), 81.33 (C1°), 106.14 (C6), 111.40 (C2), 117.45
(C4), 124.70 (C5), 153.92 (C3), and 155.41 (C1). MS, m/z (%, ion structure):
192 (67, M" — CH50H), 177 (83, 192 — CHj3), 175 (19, 192 — OH), and 137
(100, CgHq0y).

The reaction between 2-methylresorcinol and hexanal produced 4-
(hex-1-en-1-yl)-2-methylbenzene-1,3-diol (16). The reaction was heated for 24
h at 100 °C and compound 16 was isolated using hexane-diethyl ether (80:20)
as eluent. Retention time: 13.55 min. *H NMR (CD;OD): & (ppm) 0.93t (3H, J
= 7.3 Hz, H6%), 1.40m (4H, H4’ and H5"), 2.06s (3H, CH5C2), 2.18qd (2H, J
=15Hz, J="17.1 Hz, H3"), 5.96dt (1H, J = 7.1 Hz, J = 15.7 Hz, H2"), 6.32d
(1H, J = 8.3 Hz, H6), 6.60dt (1H, J = 1.5 Hz, 15.7 Hz, H1’), and 7.01d (1H, J
= 8.3 Hz, H5). *C NMR (CD;0D): & (ppm) 8.87 (CHC2), 14.39 (C6°), 23.36
(C5%), 33.16 (C4’), 34.21 (C3’), 108.29 (C6), 112.61 (C2), 119.26 (C4),
124.36 (C5), 126.15 (C17), 128.93 (C2’), 153.72 (C3), and 156.19 (C1). MS,
m/z (%, ion structure): 206 (39, M¥), 191 (1, M" — CH,), 177 (100, M* —
CH3CH,), 163 (100, M* — CH3CH,CH,), and 137 (19, CgHg0,).

The reaction between resorcinol and glyoxal produced 1-(2,4-
dihydroxyphenyl)-2-hydroxyethan-1-one (17). The reaction, using a glyoxal-
resorcinol ratio of 4:1, was heated for 3 h at 100 °C and compound 17 was
isolated using hexane-diethyl ether (1:3) as eluent. Retention time: 12.18 min.
'H NMR (CD;OD): & (ppm) 4.80s (2H, CH,OH), 6.28d (1H, J = 2.3 Hz, H2),
6.35dd (1H, J = 2.3 Hz, J = 8.7 Hz, H6), and 7.59d (1H, J = 8.7 Hz, H5). ®*C
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NMR (CD;OD): & (ppm) 65.21 (CH,OH), 103.70 (C2), 109.39 (C6), 111.84
(C4), 132.15 (C5), 165.80 (C3), 166.53 (C1), and 202.57 (CO). MS, m/z (%,
ion structure): 168 (15, M*), and 137 (100, M* — CH,OH).

The reaction between 2-methylresorcinol and glyoxal produced 1-
(2,4-dihydroxy-3-methylphenyl)-2-hydroxyethan-1-one (18). The reaction,
using a glyoxal-2-methylresorcinol ratio of 4:1, was heated for 3 h at 100 °C
and compound 18 was isolated using hexane-diethyl ether (2:5) as eluent.
Retention time: 12.57 min. *H NMR (CD;OD): & (ppm) 2.01s (3H, CH,C2),
4.78s (2H, CH,OH), 6.35d (1H, J = 8.8 Hz, H6), and 7.36d (1H, J = 8.8 Hz,
H5). *C NMR (CD;OD): & (ppm) 7.54 (CHsC2), 64.72 (CH,OH), 108.24
(C6), 111.15 (C4), 112.43 (C2), 128.56 (C5), 163.59 (C3), 166.98 (C1), and
202.70 (CO). MS, m/z (%, ion structure): 182 (15, M*), and 151 (100, M* —
CH,OH).

The reaction between resorcinol and 2-methyl-2-pentenal produced 2-
ethyl-3-methyl-2H-chromen-7-ol (19). The reaction was heated for 72 h at 100
°C and compound 19 was isolated using hexane-diethyl ether (3:1) as eluent.
Retention time: 11.65 min. *H NMR (CD;0D): & (ppm) 0.99t (3H, J = 7.3 Hz,
CH3CHy,), 1.65m (2H, CH,C2), 1.78s (3H, CH5C3), 4.49dd (1H, J = 3.8 Hz, J
= 7.7 Hz, H2), 6.07s (1H, H4), 6.19d (1H, J = 2.7 Hz, H8), 6.24dd (1H, J =
2.7 Hz, J = 8.0 Hz, H6), and 6.70d (1H, J = 8.5 Hz, H5). *C NMR (CD;0D):
8 (ppm) 9.92 (CH5CHy), 19.55 (CH,C3), 26.73 (CH,C2), 81.19 (C2), 103.87
(C8), 108.68 (C6), 116.42 (C4a), 119.99 (C4), 127.19 (C5), 131.61 (C3),
154.12 (C8a), and 158.78 (C7). MS, m/z (%, ion structure): 190 (12, M"), and
161 (100, M* — CH3CH.,).

Comparative mass spectral data for all these compounds are given in
Table 4.
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Table 4. Selected Mass Spectral Data of Compounds 6-19°,

Compound lon structure
M* M* - M* - M* - M*-R
CH;0OH CH3;0H - CH,0OH
R
6 150 (100)
7 178 (38) 149 (100)
g° 178 (48) 149 (100)
%a 178 (100) 163 (71)
9b 178 (100) 163 (80)
10 192 (34) 149 (100)
11 164 (100)
12 192 (36) 163 (100)
13 192 (35) 163 (100)
14a° 192 (82) 177 (48)
14b° 192 (90) 177 (45)
15 192 (67) 177 (83)
16 206 (39) 163 (100)
17 168 (15) 137 (100)
18 182 (15) 151 (100)
19 190 (12) 161 (100)

*Values are m/z (%). R is the alkyl chain with the exception of C-1 to C-3. "The ions
for this compound were M* — H,0 and M* — H,O — CH3CH,. °The base ion for these
compounds was M* — CH;OH — CH;CH..

As can be observed in Figure 42, when resorcinol was involved
(compounds 6-10), most reactions occurred at the C4 of the phenolic
compound, and only when using pentanal, the corresponding adduct at C2
could be isolated and characterized (compound 8). In addition, all adducts
involving C4 were similar and corresponded to the methoxylated adduct. On
the contrary, the adduct at C2 was the hydroxylated adduct.

When 2-methylresorcinol was involved (compounds 11-16), the

methoxylated adduct was also the compound isolated in all assayed reactions
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with the exception of its reaction with hexanal. In addition, when this phenolic
compound was used, two olefins were also produced to a significant extent:
those corresponding to the reactions with pentanal and hexanal (compounds
13 and 16, respectively). On the other hand, the hydroxylated derivative could
not be isolated in any reaction.

All these reactions always implied the formation of a new chiral
center and the corresponding racemic mixture was produced. Therefore, when
the aldehyde had a chiral center, as in the case of 2-methylbutanal, the formed
adduct had two chiral centers and 2 pairs of diastereomers were produced
(compounds 9a, 9b, and 14a, 14b).

Glyoxal is a dialdehyde, but it reacted similarly to other saturated
aldehydes and the addition of the phenolic C4 to one of the carbonyl carbons
was produced to form compounds 17 and 18 from resorcinol and 2-
methylresorcinol respectively. However, the structure was stabilized by
shifting of the carbonyl group, so that this group could be conjugated with the
aromatic ring.

The reaction product between resorcinol and 2-methyl-2-pentenal,
which is the aldolic condensation product of propanal, was also isolated and

characterized (compound 19). Its structure is shown in Figure 42.

4.1.2. The structure-activity relationships (SAR) of aldehydes and

phenolic compounds in the formation of carbonyl-phenol adducts.

Previous studies (Salazar et al.,, 2014) showed that phenolic
compounds having two hydroxyl groups at meta positions were required for
exhibiting carbonyl-trapping ability and, therefore, to produce carbonyl-
phenol adducts to a significant extent. In order to know other structural
characteristics that promoted the formation of carbonyl-phenol adducts,
different reactions involving a series of linear and branched aldehydes were
studied.
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As shown in Figures 43-45, the amount of carbonyl-phenol adducts
always increased linearly as a function of time for the first 96 h of incubation
at 60 °C. However, some adducts were produced to a higher extent than
others.

Figure 43 shows the formation of carbonyl-phenol adducts in the
reaction between linear alkanals (propanal, butanal, pentanal, and hexanal)
and phenolic compounds: resorcinol (Figure 43A), 2-methylresorcinol
(Figure 43B), 2,5-dimethylresorcinol (Figure 43C), and orcinol (Figure
43D). As can be observed, resorcinol had a lower reactivity than other
phenolics. In addition, the highest amount of adducts was formed with
orcinol, whereas yields for 2-methylresorcinol and 2,5-dimethylresorcinol
were very similar. These results are likely a consequence of the electronic and
steric effects of methyl groups in the phenolic compound.

For all assayed phenolics, the formation of carbonyl-phenol adducts
mostly followed the same order: propanal < butanal < pentanal ~ hexanal.
This behavior seemed to be related to an easier formation of aldol products in
shorter aldehydes under the employed reaction conditions. Thus, carbonyl-
phenol adducts of 2-methyl-2-pentenal (the product of aldolic condensation of
propanal) with phenolic compounds were detected to a high extent, although
they were not quantified (data not shown).
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Figure 43. Time-course of carbonyl-phenol adduct formation in
the reactions of: (A), resorcinol; (B), 2-methylresorcinol; (C),
2,5-dimethylresorcinol; and (D), orcinol; with propanal (),
butanal (O), pentanal (A), or hexanal (V). Reactions were
carried out by heating a mixture of the corresponding phenolic
compound (80 wxmol) and the four linear alkanals (20 pumol of
each) in 500 g1 of methanol containing 20 zl of triethylamine at
60 °C under nitrogen for the indicated times.

Adduct concentration always increased linearly for the first 96 h.

Reaction rates were calculated by using the equation
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[adduct] = k-t

where [adduct] is the concentration of the adduct, k is the rate constant, and t
is the time. Reaction rates for the formation of adducts of Figure 43 are
collected in Table 5.

Table 5. Effect of Aldehyde Chain Length on the Rate Constants of Carbonyl-Phenol
Adduct Formation

Phenol Aldehyde Rate constant
[(mmol adduct)-(mol aldehyde) *-h™]
Resorcinol Propanal 0.40 +0.01
Butanal 0.43+£0.01
Pentanal 0.48 +0.01
Hexanal 0.41+0.01
2-Methylresorcinol Propanal 1.69 +0.08
Butanal 2.89+£0.13
Pentanal 3.65+0.17
Hexanal 3.75+0.21
2,5-Dimethylresorcinol Propanal 1.52 £ 0.05
Butanal 241 +0.04
Pentanal 3.05+0.06
Hexanal 3.49+0.04
Orcinol Propanal 2.62+0.04
Butanal 4.29 +0.07
Pentanal 6.06 + 0.07
Hexanal 5.56 £ 0.06

Figure 44 and Figure 45 show the effect of aldehyde branching on
the formation of carbonyl-phenol adducts. The presence of a methyl group at
position 2 of the aldehyde always decreased the formation of the carbonyl-

phenol adducts. Thus, a higher amount of butanal/2-methylresorcinol adduct
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than of 2-methylpropanal/2-methylresorcinol adduct was produced when

aldehydes having four carbon atoms were studied (Figure 44).
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Figure 44. Time-course of carbonyl-phenol adduct formation in
the reactions of butanal (CJ) and 2-methylpropanal (O) with 2-
methylresorcinol. Reaction was carried out by heating a mixture
of 2-methylresorcinol (40 x#mol) and the two alkanals (20 pmol
of each) in 500 zl of methanol containing 20 zl of triethylamine
at 60 °C under nitrogen for the indicated times.

Aldehydes having five carbon atoms exhibited two different behaviors
(Figure 45). Thus, pentanal produced a higher amount of adducts than 2-
methylbutanal. On the other hand, similar amounts of adducts were produced

by both pentanal and 3-methylbutanal.
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Figure 45. Time-course of carbonyl-phenol adduct formation in
the reactions of pentanal (1), 2-methylbutanal (O), and 3-
methylbutanal (A) with 2-methylresorcinol. Reaction was
carried out by heating a mixture of 2-methylresorcinol (60
umol) and the three alkanals (20 pmol of each) in 500 zl of
methanol containing 20 g of triethylamine at 60 °C under
nitrogen for the indicated times.

Reaction rates for adduct formation between branched aldehydes and
phenolic compounds were calculated as described above and they are

collected in Table 6.
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Table 6. Effect of Aldehyde Branching on the Rate Constants of Carbonyl-Phenol

Adduct Formation

Phenol Aldehyde Rate constant

[(mmol adduct)-(mol
aldehyde) >-h ]

2-Methylresorcinol Butanal 3.44+0.20
2-Methylpropanal 1.87 £0.03
2-Methylresorcinol Pentanal 3.68+0.11
2-Methylbutanal 1.02 £0.05
3-Methylbutanal 3.34+£0.11

These results are a consequence of the steric hindrance introduced by
the methyl group at position 2 of the aldehyde. In addition, this methyl group
inhibited the formation of the 2-alkenal produced by aldol condensation and
no carbonyl-phenol adducts involving two molecules of 2-methylbutanal were
observed.

4.2. Epoxyalkenal-trapping ability of phenolic compounds.

This section describes the isolation and characterization of the
carbonyl-phenol adducts produced in the reaction of 4,5-epoxy-2-alkenals and
phenolic compounds. In addition, the reaction conditions that promote the

formation of the corresponding adducts are also reported.

4.2.1. Characterization of the adducts produced in the reaction between

epoxyalkenals and phenolic compounds.

The reaction between epoxyalkenals and phenolic compounds is very
fast and rapidly produces a complex mixture of compounds (Hidalgo et al.,

2017). Different attempts were carried out to isolate the produced compounds,
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but all of them were unsuccessful because of the high reactivity of the formed
adducts, which spontaneously suffered further reactions, including
polymerizations. Only after their stabilization, they could be isolated and
characterized. This stabilization was achieved by acetylation of the hydroxyl
groups present in the formed adducts. As observed in Figure 46, acetylation
allowed that carbonyl-phenol adducts could be easily identified by GC-MS.
This technique was employed to control the chromatographic separation of the
formed adducts. The compounds isolated and characterized in these reactions
are described in subsections 4.2.1.1, 4.2.1.2, and 4.2.1.3.

21
25a

25¢ 25d

25b

v

11.5 12.0 12.5 13.0 13.5 14.0
Time (min)

Figure 46. Total ion chromatogram obtained by GC-MS of the
reaction between 4,5-epoxy-2-heptenal and 2-methylresorcinol
after acetylation. Only the portion corresponding to
epoxyalkenal/phenol adducts is shown. Chemical structures for
the identified compounds are given in Figure 47.

Two different kinds of adducts were isolated by column
chromatography and characterized by 1D and 2D NMR and MS (Figure 47).
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Figure 47. Chemical structures of the carbonyl-phenol adducts
isolated and characterized by NMR and MS in the different
assayed reactions between epoxyalkenals and phenolics. The
aldehyde and the phenolic compound involved in the formation
of each adduct is described in the text.

Differently to the adducts produced between alkanals and phenolics,
which were the result of a single addition of the phenolic compound to the
alkanal, the adducts produced with epoxyalkenals resulted more complex, and
structures could only be determined by using 2D NMR. Thus, COSY, HMQC
and HMBC experiments were carried out. Main HMBC couplings exhibited
by compounds 20a and 25a are shown in Figure 48. HMBC couplings of
compounds 20b, 22 were identical to those of compound 20a. HMBC
couplings of compounds 24, 25b, and 26 were identical to those of compound
25a.
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Figure 48. HMBC couplings exhibited by compounds 20a and
25a.

The first type of adducts isolated in reactions between epoxyalkenals
and phenolic compounds were 1,3a,4,9b-tetrahydro-2H-furo[2,3-c]chromen-
7-yl acetates (compounds 20a, 20b and 22). This cyclic form was the only
observed in solution by NMR. However, because the hemiacetalic hydroxyl
group was not acetylated, when these compounds were studied by GC-MS,
the cyclic hemiacetal was opened and the free hydroxyl group suffered a
dehydration to produce the corresponding 4-(2-oxoethyl)-2H-chromen-7-yl
acetate (compounds 21 and 23).

Compounds 20a, 20b and 22 had only one acetyl group and two
phenolic protons (or one in the case of compound 22), indicating that one
phenolic hydroxyl group and one of the phenolic protons were involved in the
reaction with the epoxyalkenal. The epoxyalkenal chain could be easily
identified in the adduct by means of a COSY experiment. The study of its
chain showed that its epoxy, double bond and carbonyl groups were also
involved in the reaction. The final characterization of their structures was
carried out by using HMQC and HMBC experiments. In particular, HMBC
showed long distance couplings, which were employed for the unequivocal
identification of the formed structures.

Two isomers (20a and 20b) were isolated in the reaction between 4,5-
epoxy-2-heptenal and 2-methylresorcinol. This is consequence of the different

chiral centers present in the molecule (C4, C3a, and C9b). Two of them (C3a
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and C4) corresponded to the epoxy carbons of the epoxyalkenal (C4 and C5)
and were already present in the aldehyde. Because the initial alkadienal (2,4-
heptadienal) was trans,trans and the epoxidation was syn, the obtained
epoxyalkenal should be a mixture of the isomer 4R,5R and its enantiomer.
Supposing that the formation of the adduct did not imply a racemization, the
creation of the new chiral center at C9b would explain the existence of the
two isomers 20a and 20b. In addition, C2 is also chiral, although it is not
fixed and the interconversion between the two absolute configurations of this
carbon might be produced. The *H NMR spectra of both isomers were quite
similar. The most significant differences, as expected, corresponded to the
protons belonging to chiral carbons C4, C3a, C9b, and C2. One difference
was the chemical shift of protons H4 and H9b, which were interchanged in
compounds 20a and 20b as confirmed by HMQC experiments. Other
differences were the coupling constants, which were particularly different for
H2. After dehydration, both compounds produced the same compound 21.
The second type of adducts produced in these reactions were
3,4,4a,9a-tetrahydro-1H-pyrano[3,4-b]benzofuran-3,7-diyl diacetates (24-26).
Compounds 24-26 had two acetyl groups and two phenolic protons (or one in
the case of compound 26), indicating that, at least, one of the phenolic protons
was involved in the reaction with the epoxyalkenal. The epoxyalkenal chain
could also be easily identified in the adduct by means of a COSY experiment.
The study of its chain showed that epoxy, double bond and carbonyl groups of
the epoxyalkenal were also involved in the reaction. The final characterization
of the structures was carried out by using HMQC and HMBC experiments.
Analogously to the above described for compounds 20a and 20b, the
reaction between 4,5-epoxy-2-heptenal and 2-methylresorcinol produced
several compounds of this type (25a, 25b, 25¢ and 25d). In this case, four
isomers were detected by GC-MS (Figure 46), two of which (25a and 25b)
could be isolated and characterized. The existence of these 4 isomers is a
consequence of the presence in the molecule of 4 chiral carbons: C1, C9a,

C4a, and C3. Two of them (C1 and C9a) were already present in the initial
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epoxyalkenal, but C4a and C3 were created in the reaction with the phenol
and C3 was fixed in the later acetylation.

The 'H NMR spectra of stereoisomers 25a and 25b were similar
between them and the main differences were again the chemical shifts and
coupling constants of protons close to chiral carbons. Thus, for example, the
acetyl group of C3 was different for the two isomers. On the other hand, the
acetyl group of C7, which is quite far from the chiral centers, was identical for
the two isomers. These differences were also observed in the mass spectra.
Thus, although the fragmentation pattern was identical for the two isomers,
the intensities of the produced fragments were different. Nevertheless, all
compounds 24-26 had very similar fragmentation patterns by MS.

Although only a limited number of compounds could be isolated and
characterized in the studied reactions, no other compounds having different
mass fragmentation patterns were formed in the studied reactions to a
significant extent. Therefore, it can be concluded that the reaction between
epoxyalkenals and phenolic compounds mainly produces in a first step
1,3a,4,9b-tetrahydro-2H-furo[2,3-c]chromene-2,7-diols (27) and 3,4,4a,9a-
tetrahydro-1H-pyrano[3,4-b]benzofuran-3,7-diols (28) (Figure 49). These
compounds have reactive hydroxyl and carbonyl groups that can be involved
in further reactions, which is in agreement with the reactivity observed for the

formed adducts.

27 28

Figure 49. Chemical structures of adducts produced in the
reaction between epoxyalkenals and phenolics.
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The spectroscopic and spectrometric data of the carbonyl-phenol
adducts isolated and characterized in the different epoxyalkenal-phenol
reactions assayed are collected in the next subsections.

4.2.1.1. Compounds isolated and characterized in the reaction of 4,5-epoxy-2-

heptenal and 2-methylresorcinol.

The reaction between 4,5-epoxy-2-heptenal and 2-methylresorcinol
produced five carbonyl-phenol adducts (Figure 46). Four of them could be
isolated and characterized. Their spectroscopic and spectrometric data are the

following:

4-Ethyl-2-hydroxy-6-methyl-1,3a,4,9b-tetrahydro-2H-furo[ 2,3-
c]chromen-7-yl acetate (20a and 20b). Two diastereomers of this compound
could be isolated and characterized. '"H NMR (CDCI;) of compound 20a: &
(ppm) 1.04t (3H, J = 7.4 Hz, CHsCH,), 1.65qu (2H, J = 7.4 Hz, CH3CH),),
2.02s (3H, CH4C6), 2.21m and 2.29m (2H, H1), 2.33s (3H, CH,CO), 3.52m
(1H, H4), 3.89q,br (1H, J = 7.5 Hz, H9b), 4.65t (1H, J = 9.3 Hz, H3a), 6.07dd
(1H, J = 2.7 Hz and 5.2 Hz, H2), 6.59d (1H, J = 8.0 Hz, H8), and 6.97d (1H, J
= 8.0 Hz, H9). **C NMR (CDCls;) of compound 20a: & (ppm) 9.19 (CH4C6),
9.45 (CH3CH,C4), 20.76 (CHsCO), 26.22 (CH,CH,C4), 29.58 (C1), 36.56
(C9b), 74.33 (C4), 82.31 (C3a), 92.17 (C2), 113.51 (C6), 114.39 (C8), 120.90
(C9), 125.77 (C9a), 149.71 (C7), 158.60 (C5a), 169.39 (CH,CO). ‘H NMR
(CDCIy) of compound 20b: 6 (ppm) 1.06t (3H, J = 7.4 Hz, CH;CH,), 1.64qu
(2H, J = 7.4 Hz, CH3CH,), 2.02s (3H, CH4C6), 1.95m and 2.30m (2H, H1),
2.325 (3H, CH4CO), 3.51m (1H, H9b), 3.84dt (1H, J=3.9 Hz, J=8.7 Hz, J =
8.7 Hz, H4), 4.58t (1H, J = 9.3 Hz, H3a), 6.15dd (1H, J =5.9 Hz and 8.5 Hz,
H2), 6.55d (1H, J = 8.0 Hz, H8), and 6.96d (1H, J = 8.0 Hz, H9). *C NMR
(CDCls) of compound 20b: & (ppm) 9.24 (CH5C6), 9.55 (CHsCH,C4), 20.74
(CH;CO), 26.36 (CH3CH,C4), 30.56 (C1), 37.42 (C9b), 71.81 (C4), 84.16
(C3a), 91.92 (C2), 113.39 (C6), 114.13 (C8), 121.30 (C9), 126.16 (C9a),
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149.65 (C7), 159.16 (C5a), 169.35 (CH3CO). These compounds suffered a
dehydration when studied by GC-MS and were converted into 2-ethyl-8-
methyl-4-(2-oxoethyl)-2H-chromen-7-yl acetate (21). MS, m/z (%, ion
structure): 274 (19, M"), 232 (33, M* — CH,CO), 204 (15, 232 — ethene), 203
(100, 232 — CH3CH,), 189 (11, 204 — CHg), 175 (19, 204 — CHO), 174 (31,
204 — HCHO) and 161 (13, 204 — CH,CHO).

1-Ethyl-8-methyl-3,4,4a,9a-tetrahydro-1H-pyrano[ 3,4-b]benzofuran-
3,7-diyl diacetate (25a and 25b). Two diastereomers of this compound could
be isolated and characterized. *"H NMR (CDClI;) of compound 25a: & (ppm)
0.91t (3H, J = 7.4 Hz, CHsCH,), 1.57m and 1.78m (2H, CH,C1), 1.99s (3H,
CH3C8), 2.15s (3H, CHsCO), 2.29m (2H, H4), 2.32s (3H, CHCO), 3.05d
(1H, J = 3.9 Hz, H4a), 4.29d (1H, J = 8.3 Hz, H9a), 4.75dt (1H, J = 3.8 Hz, J
= 8.1 Hz, H1), 5.83d (1H, J = 3.3 Hz, H3), 6.56d (1H, J = 8.1 Hz, H6), and
6.83d (1H, J = 8.1 Hz, H5). *C NMR (CDClI;) of compound 25a: & (ppm)
8.99 (CH,C8), 9.78 (CH3CH,), 20.77 (CH3CO), 21.11 (CH;CO), 23.93
(CH,C1), 30.19 (C4), 37.72 (C4a), 73.76 (C1), 89.85 (C9a), 99.34 (C3),
113.74 (C6), 118.61 (C8), 123.52 (C5), 126.15 (C4b), 149.18 (C7), 150.59
(C8a), 169.31 (CH;CO), and 170.62 (CH3;CO). MS of compound 25a, m/z (%,
ion structure): 334 (4, M%), 292 (1, M* — CH,CO), 274 (2, 278 — H,0), 245
(55, 274 — CHO), 232 (16, 274 — CH,CO), 217 (2, 232 — CH3), 203 (100, 232
— CH3CH,), 191 (18, 232 — C;Hs), 190 (5, 232 — CH,CO), 189 (15, 232 —
CH,CHO), 175 (8, 190 — CHj), and 161 (39, 190 — CH5CH,). '"H NMR
(CDCIy) of compound 25b: & (ppm) 0.85t (3H, J = 7.5 Hz, CH3CH,), 1.65m
and 1.76m (2H, CH,C1), 1.98s (3H, CHsC8), 2.03s (3H, CH5CO), 2.25dd
(2H, J = 2.4 Hz, J = 3.2 Hz, H4), 2.31s (3H, CH3CO), 3.20dd (1H, J = 3.0 Hz,
J =5.1 Hz, H4a), 4.22dd (1H, J = 3.2 Hz, J = 8.5 Hz, H9a), 4.47ddd (1H, J =
4.1 Hz, J = 6.5 Hz, J = 8.5 Hz, H1), 5.80br (1H, H3), 6.55d (1H, J = 8.1 Hz,
H6), and 6.68d (1H, J = 8.1 Hz, H5). *C NMR (CDCls) of compound 25b: &
(ppm) 8.62 (CH;CH,), 9.07 (CH5C8), 20.78 (CH3CO), 21.00 (CH5CO), 24.37
(CH,C1), 32.87 (C4), 38.40 (C4a), 73.94 (C1), 87.95 (C9a), 99.13 (C3),
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113.75 (C6), 118.24 (C8), 122.00 (C4b), 125.11 (C5), 149.52 (C7), 150.15
(C8a), 169.30 (CH3CO), and 169.61 (CH;CO). MS of compound 25b, m/z (%,
ion structure): 334 (4, M*), 292 (2, M" — CH,CO), 274 (3, 278 — H,0), 245
(18, 274 — CHO), 232 (28, 274 — CH,CO), 217 (1, 232 — CHs), 203 (100, 232
— CH4CH,), 191 (10, 232 — C4Hs), 190 (7, 232 — CH,CO), 189 (43, 232 —
CH,CHO), 175 (11, 190 — CHy), and 161 (17, 190 — CH,CH)).

4.2.1.2. Compounds isolated and characterized in the reaction of 4,5-epoxy-2-

decenal and 2,5-dimethylresorcinol.

The reaction between 4,5-epoxy-2-decenal and 2,5-dimethylresorcinol
produced similar carbonyl-phenol adducts to the reaction between 4,5-epoxy-
2-heptenal and 2-methylresorcinol described above (subsection 4.2.1.1). One
of them could be isolated and characterized. Its spectroscopic and

spectrometric data are the following:

2-Hydroxy-6,9-dimethyl-4-pentyl-1,3a,4,9b-tetrahydro-2H-furo[2,3-
c]chromen-7-yl acetate (22). '"H NMR (CDCl,): & (ppm) 0.89t (3H, J = 6.8
Hz, CH;CH,), 1.30 m (6H, CH;CH,CH,CH,), 1.58m (2H, CH,C4), 1.85m and
2.36m (2H, H1), 1.98s (3H, CH3C6), 2.23s (3H, CH3C9), 2.31s (3H, CH3CO),
3.42m (1H, H9b), 3.95ddd (1H, J = 1.3 Hz, J = 4.4 Hz, J = 5.6 Hz, H4), 4.54t
(1H, J = 8.9 Hz, H3a), 6.16dd (1H, J = 6.1 Hz and 9.1 Hz, H2), and 6.37s
(1H, H8). *C NMR (CDClI3): & (ppm) 9.04 (CH5C6), 13.97 (CH5CHy,), 18.15
(CH3C9), 20.95 (CH;CO), 22.48 (CH3CH,), 25.12 (CH3CH,CH,CHy,), 29.00
(C1), 29.74 (CH,C4), 31.61 (CH3CH,CHy,), 37.04 (C9b), 71.85 (C4), 84.61
(C3a), 92.03 (C2), 110.49 (C6), 115.18 (C8), 124.63 (C9), 132.17 (C9a),
149.52 (C7), 159.03 (Cba), 169.45 (CH3CO). This compound suffered a
dehydration when studied by GC-MS and was converted into 8-methyl-4-(2-
oxoethyl)-2-pentyl-2H-chromen-7-yl acetate (23). MS, m/z (%, ion structure):
330 (27, M%), 288 (59, M" — CH,CO), 273 (5, 288 — CHj), 259 (10, 288 —
CH3CHy), 245 (12, 288 — CH3;CH,CHy), 218 (15, 288 — pentene), 217 (100,
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288 — CH3CH,CH,CH,CH,), 189 (41, 218 — CHO), 188 (67, 218 — HCHO),
175 (69, 218 — CH,CHO), and 151 (84).

Differently to the reaction between 4,5-epoxy-2-heptenal and 2-
methylresorcinol, in the reaction between 4,5-epoxy-2-decenal and 2,5-
dimethylresorcinol only isomer 22 could be isolated and characterized.
According to the chemical shifts of protons H4 and H9b, this compound was
similar to compound 20b. However, isomer 22 differed from isomer 20b in
the coupling constants of H4, which were lower in compound 22. On the other
hand, the mass spectrum of the dehydrated compound 23 was similar to the

mass spectra of compound 21.

4.2.1.3. Compounds isolated and characterized in the reaction of 4,5-epoxy-2-

hexenal and 2-methylresorcinol.

The reaction between 4,5-epoxy-2-hexenal and 2-methylresorcinol
produced similar carbonyl-phenol adducts to the reaction between 4,5-epoxy-
2-heptenal and 2-methylresorcinol described above (subsection 4.2.1.1). One
of them could be isolated and characterized. Its spectroscopic and

spectrometric data are the following:

1,8-Dimethyl-3,4,4a,9a-tetrahydro-1H-pyrano[3,4-b]benzofuran-3,7-
diyl diacetate (24). 'H NMR (CDCls): & (ppm) 1.26d (3H, J = 6.6 Hz,
CH;C1), 1.99s (3H, CH5C8), 2.08s (3H, CH5CO), 2.28m (2H, H4), 2.32s (3H,
CH5CO), 3.12d (1H, J = 3.9 Hz, H4a), 4.24d (1H, J = 7.8 Hz, H9a), 4.79dt
(1H, J = 7.8 Hz, J = 6.6 Hz, H1), 5.84d (1H, J = 3.2 Hz, H3), 6.57d (1H, J =
8.1 Hz, H6), and 6.85d (1H, J = 8.1 Hz, H5). *C NMR (CDCl5): & (ppm) 8.99
(CH4C8), 16.81 (CH4C1), 20.82 (CH;CO), 21.31 (CH,CO), 30.21 (C4), 37.57
(C4a), 69.77 (C1), 91.39 (C9a), 99.35 (C3), 113.77 (C6), 118.64 (C8), 123.50
(C5), 126.17 (C4b), 149.18 (C7), 150.59 (C8a), 169.35 (CH,CO), and 170.31
(CH3CO). MS, m/z (%, ion structure): 320 (8, M), 278 (1, M* — CH,CO), 260
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(8, 278 — H,0), 245 (43, 260 — CHa), 232 (5, 260 — CO), 218 (38, 260 —
CH,CO), 203 (100, 218 — CHa), 190 (50, 218 — CH,CH), 176 (9, 218 —
CH,CO), 175 (43, 218 — CH,CO), and 161 (66, 176 — CH).

The isolated isomer 24 was similar to compound 25a because it had

similar coupling constants.

4.2.1.4. Compounds isolated and characterized in the reaction of 4,5-epoxy-2-

heptenal and 2,5-dimethylresorcinol.

The  reaction  between  4,5-epoxy-2-heptenal and  2,5-
dimethylresorcinol produced similar carbonyl-phenol adducts to the reaction
between 4,5-epoxy-2-heptenal and 2-methylresorcinol described above
(subsection 4.2.1.1). One of them could be isolated and characterized. Its

spectroscopic and spectrometric data are the following:

1-Ethyl-5,8-dimethyl-3,4,4a,9a-tetrahydro-1H-pyrano[3,4-

b]benzofuran-3,7-diyl diacetate (26). '"H NMR (DMSO-dg): & (ppm) 0.83t
(3H, J = 7.4 Hz, CHsCH,), 1.48m and 1.69m (2H, CH,C1), 1.82s (3H,
CH3C8), 2.11s (3H, CH3CO), 2.19s (3H, CH3C5), 2.26m (2H, H4), 2.27s (3H,
CH;3CO), 3.31m (1H, H4a), 4.07d (1H, J = 8.0 Hz, H9a), 4.68dt (1H, J=3.5
Hz, J = 8.2 Hz, H1), 5.88d (1H, J = 3.2 Hz, H3), and 6.47s (1H, H6). *C
NMR (DMSO-dg): & (ppm) 9.22 (CH3C8), 9.62 (CH;CH,), 18.22 (CH5C5),
20.93 (CH3CO), 21.23 (CH;3CO), 23.88 (CH,CL1), 30.07 (C4), 33.34 (C4a),
73.53 (C1), 89.92 (C9a), 99.27 (C3), 115.35 (C8), 115.74 (C6), 125.42 (C5),
131.76 (C4b), 148.48 (C7), 150.42 (C8a), 169.40 (CH;CO), and 170.57
(CH3CO). MS, m/z (%, ion structure): 348 (28, M), 306 (10, M* — CH,CO),
288 (1, 292 — H,0), 259 (53, 288 — CHO), 246 (49, 288 — CH,CO), 231 (3,
246 — CH,3), 217 (100, 246 — CH3CH,), 205 (35, 246 — CsHs), 204 (14, 246 —
CH,CO), 203 (75, 246 — CH,CHO), 189 (9, 204 — CH3), 176 (96, 204 —
ethene), 175 (80, 204 — CH3CH,), and 161 (20, CsHs).
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The isolated isomer 26 was similar to compound 25a because it had

similar coupling constants.

4.2.2. Effect of reaction conditions on the formation of epoxyalkenal-
phenol adducts in the reaction of 4,5-epoxy-2-heptenal and 2-

methylresorcinol.

The effect of reaction conditions (pH, reactant concentration, time,
and temperature) on the reaction between 4,5-epoxy-2-heptenal and 2-
methylresorcinol was studied to determine the reaction conditions that favored
the formation of carbonyl-phenol adducts. As shown in Figure 46, five
adducts were observed by GC-MS after acetylation of the reaction mixture:
one of them was a 4-(2-oxoethyl)-2H-chromen-7-yl acetate (compound 21),
and the other four adducts were 3,4,4a9a-tetrahydro-1H-pyrano[3,4-b]-
benzofuran-3,7-diyl diacetates (compounds 25a, 25b, 25c, and 25d). The
effect of reaction conditions on the formation of all of them was studied.

Phenol disappearance and adduct formation was pH-dependent
(Figure 50). Adducts were not formed at pH < 6. However, the formation of
some adducts (21, 25a, and 25c) was already significant at pH 7, and the
concentration of most of them increased at higher pH values. For most
adducts, there were not significant differences between the amount formed at
pH 8 in the presence of either phosphate or borate, therefore confirming that it
was the pH and not the employed buffer the responsible for the formation of

these compounds.

119



Results

27 -

v

Phenol (umol)
N
=
/ w
—wH

N
[

1
[I—

S 60

b= ] i/y

o

= /@/

3. ]

= * A

o

sl 1

§ 0_ %7‘4®

g T T T T T

< 6 7 8 9
pH

Figure 50. Effect of reaction pH on: (A), phenol disappearance;
and (B), formation of carbonyl-phenol adducts. Reactions were
carried out by heating a mixture of 4,5-epoxy-2-heptenal (40
pmol) and 2-methylresorcinol (30 pmol, >, ») in 300 ul of 0.3
M buffer for 30 min at 100 °C under nitrogen. The carbonyl-
phenol adducts produced were compounds 21 ([1,H), 25a
(V,V), 25b (A,A), 25¢ (O,®), and 25d (<, ®). Two buffers
were employed: 0.3 M sodium phosphate buffer (open symbols)
and 0.3 M sodium borate buffer (closed symbols).

Figure 51 shows the effect of increasing amounts of 4,5-epoxy-2-
heptenal on the disappearance of the phenolic compound and the formation of
epoxyalkenal-phenol adducts. The addition of increasing amounts of aldehyde
produced the linear (r = -0.996, p = 0.0003) disappearance of the phenolic
compound (Figure 51A). The highest amount of epoxyalkenal tested (40
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umol) produced the disappearance of the 26% of the phenolic compound
present (7.89 + 1.38 umol of the phenol disappeared). This disappearance was
parallel to the appearance of the adducts 21 and 25a, 25b, 25c, 25d. (Figure
51B). The amount of all of them increased linearly as a function of the
amount of epoxyalkenal added and were inversely correlated (r > 0.98, p <
0.003) to the disappearance of the phenol.
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Figure 51. Effect of epoxyalkenal concentration on: (A), phenol
disappearance; and (B), formation of carbonyl-phenol adducts.
Reactions were carried out by heating a mixture of 4,5-epoxy-2-
heptenal at the indicated concentrations and 2-methylresorcinol
(30 pmol, I>) in 300 ul of 0.3 M sodium phosphate buffer, pH 8,
for 30 min at 100 °C under nitrogen. The carbonyl-phenol
adducts produced were compounds 21 (1), 25a (V), 25b (A),
25¢ (O), and 25d ().
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An analogous behavior was observed when increasing amounts of
phenol were added (Figure 52). Thus, the addition of increasing amounts of
phenol produced the linear increase (r > 0.98, p < 0.002) of the concentration
of produced adducts 21 and 25a, 25b, 25c, 25d (Figure 52B), therefore
confirming that formation of adducts required the participation of both
epoxyalkenal and phenolic compound.
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Figure 52. Effect of phenol concentration on: (A), remaining
phenol; and (B), formation of carbonyl-phenol adducts.
Reactions were carried out by heating a mixture of 4,5-epoxy-2-
heptenal (40 umol) and 2-methylresorcinol (>) at the indicated
concentrations in 300 x4l of 0.3 M sodium phosphate buffer, pH
8, for 30 min at 100 °C under nitrogen. The carbonyl-phenol
adducts produced were compounds 21 (1), 25a (V), 25b (A),
25¢ (©), and 25d (<). EH, 4,5-epoxy-2-heptenal.
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Phenol disappearance and adduct formation also depended on reaction
times and temperatures (Figures 53-58).

In general, phenol disappearance (Figure 53) and adduct formation
(Figures 54-58) increased with time and temperature, although there were
differences among the different adducts.
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Figure 53. Effect of reaction time and temperature on the phenol
disappearance. Reactions were carried out by heating a mixture
of 4,5-epoxy-2-heptenal (40 pumol) and 2-methylresorcinol (30
umol) in 300 x4l of 0.3 M sodium phosphate buffer, pH 8, at the
indicated times and temperatures under nitrogen. The assayed
temperatures were: 120 ([1), 100 (O), 80 (4.), and 60 °C (V).

Thus, adduct 21 was produced similarly at 60-100 °C but its
concentration increased considerably at 120 °C (Figure 54). At this
temperature, its maximum concentration was achieved after only 20 min

heating.

123



Results

c 150'

o

c S

o /ﬁ/% %]
o

2 /%

3 751

©

£ g
= T Y
3 /6 "
? 0 &

0 20 40 60
Time (min)

Figure 54. Effect of reaction time and temperature on the
formation of compound 21. Reactions were carried out by
heating a mixture of 4,5-epoxy-2-heptenal (40 umol) and 2-
methylresorcinol (30 gmol) in 300 xl of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 120 (), 100 (O), 80
(£A), and 60 °C (V).

The concentration of adduct 25c exhibited a great dependence on the
assayed temperature. Thus, the maximum concentration of this compound was
obtained at low temperature because at temperatures higher than 80 °C it

suffered a significant decomposition (Figure 55).
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Figure 55. Effect of reaction time and temperature on the
formation of compound 25c. Reactions were carried out by
heating a mixture of 4,5-epoxy-2-heptenal (40 pumol) and 2-
methylresorcinol (30 gmol) in 300 xl of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 120 (), 100 (O), 80
(£A), and 60 °C (V).

Adducts 25a and 25b (Figures 56 and 57, respectively), exhibited a
similar behavior among them as a function of time and temperature. Thus,
they were produced to a similar extent at 80 and 100 °C, but the amount at
which they were produced decreased significantly (p < 0.05) at 60 °C and
increased significantly (p < 0.05) at 120 °C.
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Figure 56. Effect of reaction time and temperature on the
formation of compound 25a. Reactions were carried out by
heating a mixture of 4,5-epoxy-2-heptenal (40 umol) and 2-
methylresorcinol (30 gmol) in 300 xl of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 120 (L), 100 (O), 80
(£A), and 60 °C (V).
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Figure 57. Effect of reaction time and temperature on the
formation of compound 25b. Reactions were carried out by
heating a mixture of 4,5-epoxy-2-heptenal (40 umol) and 2-
methylresorcinol (30 gmol) in 300 xl of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 120 (L), 100 (O), 80
(£A), and 60 °C (V).

Finally, the adduct 25d was the most temperature-dependent (Figure
58). It was almost not produced at 60 °C and its concentration increased
considerably when heating temperature increased. Thus, adducts 21, 25a, and
25d were the main products at 120 °C. On the other and, adduct 25d was the
adduct produced to a lower extent at 60 °C.
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Figure 58. Effect of reaction time and temperature on the
formation of compound 25d. Reactions were carried out by
heating a mixture of 4,5-epoxy-2-heptenal (40 umol) and 2-
methylresorcinol (30 gmol) in 300 xl of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 120 (L), 100 (O), 80
(£A), and 60 °C (V).

4.3. Oxoalkenal-trapping ability of phenolic compounds.

This section describes the trapping of 4-oxo-2-alkenals by phenolics.
Both, the isolation and characterization of the carbonyl-phenol adducts
formed in these reactions, and the conditions that promote their formation are

reported.

4.3.1. Characterization of the adducts produced in the reaction between

oxoalkenals and phenolic compounds.

The reaction between oxoalkenals and phenolic compound is complex

and different oxoalkenal-phenol adducts are produced in a short time period.

128



Results

Nevertheless, these adducts are not stable enough to be isolated and
characterized since they are not final compounds and spontaneously suffer
further reactions such as polymerization. As a consequence of this, the formed
adducts had to be stabilized previously to their isolation and characterization.
Two ways of stabilization were used: the acetylation of produced carbonyl-
phenol adducts and the reduction of the formed adducts with sodium
borohydride.

Once they were stabilized, the different carbonyl-phenol adducts
produced could be easily identified by GC-MS. Figure 59 shows the GC-MS
chromatogram obtained for the acetylated reaction mixture. An analogous
chromatogram was obtained for the reaction mixture reduced with sodium
borohydride (data not shown). As observed in Figure 59, a very similar
chromatographic pattern was always obtained independently of the oxoalkenal

or the phenolic compound involved.
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Figure 59. Total ion chromatograms obtained by GC-MS of the
reaction between 2-methylresorcinol and: (A), 4-oxo-2-hexenal,
and (B), 4-oxo-2-nonenal, after acetylation. Only the portion
corresponding to oxoalkenal/phenol adducts is shown. Chemical
structures for the identified compounds are given in Figure 60.

Figure 60 shows the chemical structures of the compounds isolated
and characterized in the different assayed reactions. Their spectroscopic and

spectrometric data are collected in subsections 4.3.1.1 t0 4.3.1.5.
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Figure 60. Chemical structures of carbonyl-phenol adducts
isolated and characterized by NMR and MS in the different
assayed reactions between oxoalkenals and phenolics. The
aldehyde and the phenolic compound involved in the formation
of each adduct is described in the text.

The compounds having a higher response by GC-MS (see, for

example, compounds 29 and 32 in Figure 59) were always produced although

the reactions were carried out in either buffer or methanol/triethylamine. In

addition, they were the only adducts that were always isolated for all

aldehydes and phenolic compounds assayed, and they were also isolated by

employing different ways of stabilization for produced adducts. This

compound was a benzofuran-6-ol that was produced by reaction of the

oxoalkenal with both one of the hydroxyl groups of the phenol and its

contiguous aromatic carbon. The final structure depended on the procedure
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employed for its stabilization. Thus, acetylation carried out in adducts 29 and
32, protected the free phenolic group and avoided that further reactions
between this free hydroxyl group at position C6 and the carbonyl group at C2’
of other molecules could take place. Similarly, the reduction of the carbonyl
group in adducts 35-37, and 39, inactivated the carbonyl group at C2’ by
producing the corresponding hydroxyl group. The absence of a carbonyl
group in adducts 35-37 and 39 was likely the reason for their relative stability.

It is also noteworthy the isolation of adduct 38. This is an
intermediate in the formation of adduct 37. Thus, when compound 38 was
heated softly, it was converted into adduct 37 (data not shown). This
intermediate could not be isolated in other reactions, more likely because the
dehydration was favored by the extension of the conjugation in the
benzofuran ring and, therefore, took place rapidly even under soft reaction
conditions.

When the reaction was acetylated, two other adducts could be isolated
and characterized. Both adducts had several chiral centers. Therefore,
different diastereomers were produced as a function of the number of chiral
centers created in the reaction.

The first adduct was a 2,3,3a,8a-tetrahydrofuro[2,3-b]benzofuran-2,6-
diol (compounds 30a, 30b, 33a, and 33b). Analogously to the benzofuran-6-
ols discussed above (compounds 29, 32, 35, 36, 37, and 39), the formation of
these adducts also involved the reaction of the oxoalkenal with both one of the
hydroxy! groups and its contiguous aromatic carbon. The produced compound
was a hemiacetal that could not be isolated from the reduced reaction
mixtures. On the other hand, the acetylation protected both the aromatic
hydroxyl group and the hemiacetal. Therefore, the existing hydroxyl and
carbonyl groups were deactivated and the adduct could be isolated and
characterized.

This adduct has three chiral centers (C2, C3a and C8a). Therefore,
four diastereomers should be produced. However, only two of them

(compounds 30a and 30b in Figure 59A, and compounds 33a and 33b in
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Figure 59B) could be isolated and characterized, most likely because only
these two diastereomers were produced to a high extent. Both diastereomers
had very similar NMR spectra, but, surprisingly, their MS were quite
different. The reason should be related to the different configuration of the
reactive groups. Thus, compounds 30a and 33a lost rapidly acetic acid and the
molecular ion could not be detected. On the other hand, compounds 30b and
33b lost acetic acid more difficultly and a more complex fragmentation
scheme could be observed (see MS data in subsection 4.3.1.1 and 4.3.1.2).
Although they could not be isolated, the other two diastereomers could be also
present in the reaction mixture. Thus, in Figure 59A, the compound appearing
at retention time 11.73 min had a mass spectrum very similar to that of
diastereomer 30a, and the compound appearing at retention time 12.94 min
had a mass spectrum very similar to that of diastereomer 30b (data not
shown). These two compounds might be hypothesized to be the non-isolated
diastereomers of the produced 2,3,3a,8a-tetrahydrofuro[2,3-b]benzofuran-2,6-
diols.

The third isolated and characterized adduct was a chromane-2,7-diol
(compounds 31a, 31b, 34a, and 34b). This adduct was also produced between
the oxoalkenal and both, one of the hydroxyl groups and its contiguous
aromatic carbon. This compound was also a hemiacetal and, analogously to
the above discussed for 2,3,3a,8a-tetrahydrofuro[2,3-b]benzofuran-2,6-diols
(compounds 30a, 30b, 33a, and 33b), this compound could not be isolated
from the reduced reaction mixtures. On the other hand, it could be isolated
and characterized after acetylation. This was likely a consequence of the
stabilization obtained by acetylation. The introduced acetyl groups protected
the phenolic group and inhibited the reactivity of the carbonyl group in the
stabilized hemiacetal.

Differently to compounds 30a, 30b, 33a, and 33b, the produced
chromane-2,7-diols have two chiral centers (C2 and C4), and two
diastereomers should be produced. Both diastereomers could be isolated and

characterized. They had very similar NMR and MS spectra.
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Therefore, it can be concluded that the reaction between oxoalkenals
and phenolic compounds mainly produces in a first step benzofuran-6-ols
(40), 2,3,3a,8a-tetrahydrofuro[2,3-b]benzofuran-2,6-diols (41), and chromane-
2,7-diols (42) (Figure 61). These compounds have reactive hydroxyl and
carbonyl groups that can be involved in further reactions, which is in
agreement with the reactivity observed for the formed adducts.

40 41 42

Figure 61. Chemical structures of adducts produced in the
reaction between oxoalkenals and phenolics.

The spectroscopic and spectrometric data of the carbonyl-phenol
adducts isolated and characterized in the different oxoalkenal-phenol reactions

assayed are collected in the next subsections.

4.3.1.1. Compounds isolated and characterized in the reaction of 4-oxo-2-

hexenal and 2-methylresorcinol.

The reaction was carried out in sodium phosphate buffer, pH 8, and
later acetylated. Five compounds (29-31) could be isolated and characterized.

The total ion chromatogram of the reaction mixture is shown in Figure 59A.

7-Methyl-2-(2-oxobutyl)benzofuran-6-yl acetate (29). 'H NMR
(CDCL): & (ppm) 1.09t (3H, J = 7.3 Hz, H4), 2.33s (3H, CH3C7), 2.37s (3H,
CH4CO), 2.58q (2H, J = 7.3 Hz, H3’), 3.87br (2H, H1"), 6.59t,br (1H, J = 0.7
Hz, H3), 6.92d (1H, J = 8.3 Hz, H5), and 7.34d (1H, J = 8.3 Hz, H4). *C

134



Results

NMR (CDCls): & (ppm) 7.60 (C4%), 9.28 (CHsC7), 20.78 (CHsCO), 35.41
(C3%), 42.64 (C1°), 105.51 (C3), 114.30 (C7), 117.21 (C5), 117.73 (C4),
126.60 (C3a), 146.02 (C6), 152.08 (C2), 154.20 (C7a), 169.66 (CH;CO), and
205.92 (CH,CO). MS, m/z (%, ion structure): 260 (7, M"), 218 (17, M* —
CH,CO), and 189 (100, 218 — CH;CH,CO).

8a-Ethyl-7-methyl-2,3,3a,8a-tetrahydrofuro[ 2,3-b]benzofuran-2,6-
diyl diacetate (30a and 30b). Two diastereomers of this compound could be
isolated and characterized. *H NMR (CDClIs) of compound 30a: & (ppm) 1.05t
(3H, J = 7.4 Hz, H2"), 2.03q (2H, J = 7.4 Hz, H1"), 2.05s (3H, CH,C7), 2.10s
(3H, CHsCO), 2.33s (3H, CH3CO), 2.43t (1H, J = 5.1 Hz, H3, signal a),
2.46dd (1H, J = 3.9 Hz, J = 8.8 Hz, H3, signal b), 3.79dd (1H, J=4.7 Hz, J =
8.8 Hz, H3a), 6.33dd (1H, J = 4.4 Hz, J = 5.2 Hz, H2), 6.60d (1H, J = 8.0 Hz,
H5), and 6.98d (1H, J = 8.0 Hz, H4). *C NMR (CDClI;) of compound 30a: &
(ppm) 8.02 (C2’), 9.29 (CH3C7), 20.75 (CH5CO), 21.16 (CH;CO), 31.11
(C17), 39.30 (C3), 46.68 (C3a), 97.99 (C2), 113.58 (C7), 114.64 (C5), 121.30
(C4), 123.15 (C8a), 126.03 (C3b), 149.89 (C6), 157.32 (C7a), 169.35 (CO),
and 169.82 (CO). MS, m/z (%, ion structure) of compound 30a: 260 (25, M" —
CH3;COOH), 218 (49, 260 — CH,CO), 203 (41, 218 — CH3), and 189 (100, 218
— CH,CH;). 'H NMR (CDClI3) of compound 30b: & (ppm) 1.04t (3H, J = 7.4
Hz, H2’), 2.02q (2H, J = 7.4 Hz, HI’), 2.05s (3H, CH5C7), 2.10s (3H,
CH3CO), 2.32s (3H, CH5CO), 2.44m (2H, H3), 3.77dt (1H, J = 9.1 Hz, J =
0.9 Hz, H3a), 6.35d (1H, J = 5.0 Hz, H2), 6.60d (1H, J = 7.9 Hz, H5), and
6.99d (1H, J = 7.9 Hz, H4). *C NMR (CDCls) of compound 30b: & (ppm)
7.91 (C2%), 9.22 (CH;3C7), 20.72 (CH;3CO), 21.16 (CHsCO), 30.32 (C1’),
39.72 (C3), 46.35 (C3a), 98.88 (C2), 112.92 (C7), 114.32 (C5), 120.97 (C4),
124.00 (C8a), 126.66 (C3b), 149.76 (C6), 157.51 (C7a), 169.36 (CO), and
170.20 (CO). MS of compound 30b, m/z (%, ion structure): 320 (13, M™), 261
(19, M* — CH5COO0), 260 (20, M* — CH;COOH), 219 (32, 261 — CH,CO),
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218 (95, 260 — CH,CO), 203 (37, 218 — CHy), 190 (11, C11H105), 189 (59,
218 — CH,CHa), 179 (55, C1oH1,05), and 161 (100, C10Hs0).

8-Methyl-4-propionylchromane-2,7-diyl diacetate (31a and 31b). The
two diastereomers of this compound could be isolated and characterized. *H
NMR (CDCI3) of compound 31a: 6 (ppm) 1.10t (3H, J = 7.2 Hz, H3"), 2.02s
(3H, CH4C8), 2.11s (3H, CH5CO), 2.16dd (1H, J = 4.1 Hz, J = 5.8 Hz, H3,
signal a), 2.18dd (1H, J = 4.1 Hz, J = 5.8 Hz, H3, signal b), 2.34s (3H,
CH,CO), 2.55q (1H, J = 7.2 Hz, H2’, signal a), 2.88q (1H, J = 7.2 Hz, H2,
signal b), 4.02dd (1H, J = 5.8 Hz, J = 10.4 Hz, H4), 6.63t (1H, J = 3.4 Hz,
H2), 6.68d (1H, J = 8.4 Hz, H6), and 6.84d (1H, J = 8.4 Hz, H5). *C NMR
(CDCl;) of compound 3la: & (ppm) 7.87 (C3”), 9.20 (CHsC8), 20.79
(CH5CO), 21.17 (CH5CO), 28.14 (C3), 33.95 (C2°), 44.55 (C4), 89.34 (C2),
115.27 (C6), 116.87 (C4a), 119.84 (C8), 125.43 (C5), 149.24 (C7), 150.09
(C8a), 169.24 (CH3CO), 169.47 (CH3CO), and 207.82 (CH,CO). MS of
compound 31a, m/z (%, ion structure): 320 (1, M"), 278 (0.1, M* — CH,CO),
261 (4, M" — CH3COO), 260 (6, M* — CH;COOH), 236 (0.1, 278 — CH,CO),
219 (7, 261 — CH,CO), 218 (8, 260 — CH,CO), 203 (24, 260 — CH3;CH,CO),
179 (10, 236 — CH;CH,CO), and 161 (100, 218 — CH;CH,CO or 203 —
CH,CO).'H NMR (CDClI5) of compound 31b: & (ppm) 1.05t (3H, J = 7.2 Hz,
H3’), 2.04s (3H, CH,C8), 2.11s (3H. CH5CO), 2.22ddd (1H, J = 2.4 Hz, J =
7.3 Hz, J = 14.3 Hz, H3, signal a), 2.34s (3H, CH,CO), 2.47q (1H, J = 7.1 Hz,
H2’, signal a), 2.56q (1H, J = 7.1 Hz, H2’, signal b), 2.81dt (1H, J = 2.4 Hz, J
= 14.3 Hz, H3, signal b), 3.53dd (1H, J = 2.0 Hz, J = 7.2 Hz, H4), 6.57t (1H, J
= 2.5 Hz, H2), 6.75d (1H, J = 8.3 Hz, H6), and 7.00d (1H, J = 8.3 Hz, H5).
3C NMR (CDCIls) of compound 31b: & (ppm) 7.69 (C3’), 9.26 (CH;C8),
20.80 (CH3CO), 21.17 (CHCO), 27.98 (C3), 34.34 (C2°), 44.33 (C4), 89.56
(C2), 115.11 (C6), 116.49 (C4a), 119.54 (C8), 128.36 (C5), 149.35 (C7),
149.94 (C8a), 169.24 (CH5CO), 169.46 (CH;CO), and 207.44 (CH,CO). MS
of compound 31b, m/z (%, ion structure): 320 (1, M%), 278 (0.1, M" —
CH,CO), 261 (3, M — CH;C00), 260 (2, M* — CH;COOH), 236 (0.1, 278 —
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CH,CO), 219 (7, 261 — CH,CO), 218 (6, 260 — CH,CO), 203 (24, 260 —
CH4CH,CO), 179 (11, 236 — CH,CH,CO), and 161 (100, 218 — CH,;CH,CO
or 203 — CH,CO).

4.3.1.2. Compounds isolated and characterized in the reaction of 4-oxo-2-

nonenal and 2-methylresorcinol.

This reaction was studied both after acetylation and after reduction
with sodium borohydride. When the reaction was carried out with 4-oxo-2-
nonenal in sodium phosphate buffer, pH 8, and later acetylated, five
compounds (32-34), analogous to the above described for the reaction
between 4-oxo-2-hexenal and 2-methylresorcinol, could be isolated and
characterized (total ion chromatogram of the reaction mixture is shown in
Figure 59B). When the reaction was carried out in methanol/triethylamine
and was later reduced with sodium borohydride only one compound
(compound 35) could be isolated and characterized. Compound 35 was

analogous to compound 32.

7-Methyl-2-(2-oxoheptyl)benzofuran-6-yl acetate (32). 'H NMR
(CDCly): & (ppm) 0.90t (3H, J = 7.1 Hz, H7’), 1.30m (4H, H5" and H6), 1.62
qu (2H, J = 7.4 Hz, H4"), 2.34s (3H, CH,C7), 2.37s (3H, CH5CO), 2.54t (2H,
J=7.4 Hz, H3), 3.86s (2H, H1"), 6.59t,br (1H, J = 0.8 Hz, H3), 6.92d (1H, J
= 8.3 Hz, H5), and 7.34d (1H, J = 8.3 Hz, H4). *C NMR (CDCls): & (ppm)
9.28 (CH5C7), 13.88 (C7’), 20.78 (CH3CO), 22.42 (C6’), 23.28 (C4’), 31.24
(C5%), 42.12 (C3’), 42.93 (C1’), 105.50 (C3), 114.30 (C7), 117.21 (C5),
117.72 (C4), 126.07 (C3a), 146.01 (C6), 152.08 (C2), 154.19 (C7a), 169.65
(CH5CO), and 205.53 (CH,CO). MS, m/z (%, ion structure): 302 (8, M"), 260
(21, M" — CH,CO), 231 (2, M" — CHsCH,CH,CH,CH,), 203 (2, M* —
CH;3CH,CH,CH,CH,CO0), and 161 (100, 260 — CH;CH,CH,CH,CH,CO).
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7-Methyl-8a-pentyl-2,3,3a,8a-tetrahydrofuro[ 2,3-b]benzofuran-2,6-
diyl diacetate (33a and 33b). Two diastereomers of this compound could be
isolated and characterized. "H NMR (CDClIs) of compound 33a: & (ppm) 0.91t
(3H, J = 7.1 Hz, H5’), 1.35m (4H, H3’ and H4’), 1.50m (2H, H2’), 1.97m
(2H, H1"), 2.05s (3H, CH3C7), 2.09s (3H, CH3CO), 2.32s (3H, CH;3CO), 2.42t
(1H, J = 5.0 Hz, H3, signal a), 2.45dd (1H, J = 3.9 Hz, J = 8.9 Hz, H3, signal
b), 3.79dd (1H, J = 4.6 Hz, J = 8.8 Hz, H3a), 6.32dd (1H, J=4.1 Hz, J=5.1
Hz, H2), 6.60d (1H, J = 8.0 Hz, H5), and 6.97d (1H, J = 8.0 Hz, H4). °C
NMR (CDCIs) of compound 33a: & (ppm) 9.31 (CHsC7), 13.97 (C57), 20.75
(CH5CO0), 21.16 (CHCO), 22.47 (C4’), 23.26 (C27), 31.77 (C3°), 38.11 (C1°),
39.25 (C3), 47.17 (C3a), 97.95 (C2), 113.58 (C7), 114.62 (C5), 121.30 (C4),
122.77 (C8a), 126.01 (C3b), 149.90 (C6), 157.28 (C7a), 169.28 (CO), and
169.73 (CO). MS, m/z (%, ion structure) of compound 33a: 302 (30, M —
CH3;COOH), 273 (12, 302 — CH;CHy), 260 (66, 302 — CH,CO), 231 (100, 302
— CH3CH,CH,CH,CH, or 260 — CH3CH,), 203 (73, 260 — CH3;CH,CH,CH,),
190 (8, 260 — pentene) and 189 (4, 260 — CH,CH,CH,CH,CH,). '*H NMR
(CDCls) of compound 33b: 6 (ppm) 0.91t (3H, J = 7.1 Hz, H5”), 1.35m (4H,
H3’ and H4"), 1.50m (2H, H2"), 1.97m (2H, H1"), 2.05s (3H, CH5C7), 2.09s
(3H, CH3CO), 2.32s (3H, CH3CO), 2.44m (2H, H3), 3.78d (1H, J = 9.3 Hz,
H3a), 6.34d (1H, J = 4.7 Hz, H2), 6.60d (1H, J = 8.0 Hz, H5), and 6.97d (1H,
J = 8.0 Hz, H4). *C NMR (CDCls) of compound 33b: & (ppm) 9.31 (CH,C7),
13.98 (C5”), 20.73 (CH5CO), 21.17 (CH;CO), 22.44 (C4’), 23.19 (C2’), 31.74
(C3°), 37.42 (C17), 39.69 (C3), 46.81 (C3a), 98.92 (C2), 112.92 (C7), 114.29
(C5), 120.96 (C4), 123.62 (C8a), 126.66 (C3h), 149.77 (C6), 157.47 (CT7a),
169.30 (CO), and 169.74 (CO). MS, m/z (%, ion structure) of compound 33b:
362 (7, M%), 320 (0.3, M* — CH,CO), 303 (14, M" — CH3;COO0), 302 (24, M" —
CH3;COOH), 278 (0.2, 320 — CH,CO), 261 (26, 303 — CH,CO), 260 (100, 302
— CH,CO), 231 (44, 260 — CH;3CH,), 217 (7, 260 — CH3CH,CH,), 203 (55,
260 — CH3CH,CH,CH,), 179 (28, C1oH103), 175 (38), and 161 (68, C1oHs0,).
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4-Hexanoyl-8-methylchromane-2,7-diyl diacetate (34a and 34b). The
two diastereomers of this compound could be isolated and characterized. *H
NMR (CDCl3) of compound 34a: & (ppm) 0.90t (3H, J = 7.3 Hz, H6’), 1.35m
(4H, H4> and H5"), 1.49m (2H, H3"), 2.02s (3H, CH3C8), 2.10s (3H, CH;CO),
2.15dd (1H, J = 4.0 Hz, J = 5.8 Hz, H3, signal a), 2.17dd (1H, J=4.0 Hz, J =
5.8 Hz, H3, signal b), 2.33s (3H, CH5CO), 2.53t (2H, J= 7.4 Hz, H2"), 4.01dd
(1H, J=5.8 Hz, J = 10.5 Hz, H4), 6.63t (1H, J = 3.4 Hz, H2), 6.68d (1H, J =
8.4 Hz, H6), and 6.84d (1H, J = 8.4 Hz, H5). *C NMR (CDCls) of compound
34a: 3 (ppm) 9.20 (CHsCB), 13.88 (C6), 20.77 (CH3CO), 21.15 (CH3CO),
22.44 (C5%), 23.40 (C3°), 28.12 (C3), 31.38 (C4"), 40.65 (C2°), 44.69 (C4),
89.33 (C2), 115.24 (C6), 116.81 (C4a), 119.80 (C8), 125.76 (C5), 149.24
(C7), 150.09 (C8a), 169.16 (CH3CO), 169.40 (CH3CO), and 210.36 (CH,CO).
MS of compound 34a, m/z (%, ion structure): 362 (0.3, M"), 303 (3, M" —
CH;C00), 302 (3, M* — CH;COOH), 261 (4, 303 — CH,CO), 260 (6, 302 —
CH,CO), 203 (39, 260 — CHzCH,CH,CH,;) and 161 (100, 260 -
CH5CH,CH,CH,CH,CO0). *H NMR (CDClI5) of compound 34b: & (ppm) 0.88t
(3H, J = 7.3 Hz, H6"), 1.38m (4H, H4* and H5’), 1.48m (2H, H3"), 2.04s (3H,
CH;C8), 2.10s (3H. CH3CO), 2.22ddd (1H, J = 2.4 Hz, J = 7.3 Hz, J = 14.3
Hz, H3, signal a), 2.32s (3H, CH5CO), 2.46m (2H, H2), 2.78dt (1H, J = 2.6
Hz, J = 14.3 Hz, H3, signal b), 3.53dd (1H, J = 2.3 Hz, J = 7.3 Hz, H4), 6.56t
(1H, J = 2.6 Hz, H2), 6.74d (1H, J = 8.4 Hz, H6), and 6.99d (1H, J = 8.4 Hz,
H5). *C NMR (CDCls) of compound 34b: & (ppm) 9.26 (CH,C8), 13.90
(C6°), 20.75 (CH5CO), 21.16 (CH3CO), 22.55 (C5°), 23.39 (C3’), 27.83 (C3),
31.39 (C4%), 43.68 (C2’), 44.63 (C4), 89.58 (C2), 115.09 (C6), 116.40 (C4a),
119.50 (C8), 128.35 (C5), 149.31 (C7), 149.96 (C8a), 169.21 (CH;CO),
169.78 (CH;CO), and 207.44 (CH,CO). MS of compound 34b, m/z (%, ion
structure): 362 (0.2, M), 303 (3, M" — CH3COO), 302 (2, M" — CH3COOH),
261 (4, 303 — CH,CO), 260 (7, 302 — CH,CO), 203 (34, 260 -
CH;3CH,CH,CH,) and 161 (100, 260 — CH3;CH,CH,CH,CH,CO).
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2-(2-Hydroxyheptyl)-7-methylbenzofuran-6-ol  (35). 'H NMR
(CDs0OD): 6 (ppm) 0.92t (3H, J = 6.9 Hz, H7’), 1.35m (6H, H4’, H5’, and
H6%), 1.56m (2H, H3), 2.32s (3H, CH5C7), 2.87d (2H, J = 6.4 Hz, HI’),
3.97m (1H, H2), 6.38s (1H, H3), 6.69d (1H, J = 8.3 Hz, H5), and 7.09d (1H,
J = 8.3 Hz, H4). *C NMR (CD;0OD): & (ppm) 7.28 (CHsC7), 13.03 (C7’),
22.30 (C6), 24.99 (C4), 31.63 (C57), 36.31 (C1°), 36.51 (C3’), 69.66 (C2’),
103.30 (C3), 106.94 (C7), 110.79 (C5), 116.48 (C4), 121.01 (C3a), 151.85
(C6), 154.68 (C2), and 154.86 (C7a). MS, m/z (%, ion structure): 262 (44,
M*), 191 (56, M* — CH3CH,CH,CH,CH,), 162 (64, CioHi00,), 161 (47,
C10Hg0>), and 149 (100, CoHy0,).

4.3.1.3. Compounds isolated and characterized in the reaction of 4-oxo-2-

nonenal and resorcinol.

This reaction was carried out in methanol/triethylamine and was later
reduced with sodium borohydride. Only compound 36 could be isolated and

characterized.

2-(2-hydroxyheptyl)benzofuran-6-ol (36). '"H NMR (CD;0D): & (ppm)
0.92t (3H, J = 6.9 Hz, H7"), 1.34m (6H, H4’, H5’, and H6"), 1.51m (2H, H3"),
2.85d (2H, J = 6.2 Hz, H1’), 3.95m (1H, H2), 6.40d (1H, J = 0.8 Hz, H3),
6.70dd (1H, J = 2.0 Hz, J = 8.4 Hz, H5), 6.84d (1H, J = 2.0 Hz, H7), and
7.27d (1H, J = 8.4 Hz, H4). *C NMR (CD;0D): & (ppm) 13.04 (C7’), 22.29
(C6°), 25.00 (C4), 31.60 (C5°), 36.24 (C17), 36.56 (C3), 69.63 (C27), 97.10
(C7), 102.79 (C3), 111.12 (C5), 119.87 (C4), 121.40 (C3a), 154.42 (C6),
154.84 (C2), and 155.79 (C7a). MS, m/z (%, ion structure): 248 (30, M™), 177
(48, M* — CH4CH,CH,CH,CH,), 148 (57, CqHs0,), 147 (46, CsH-0,), and
135 (100, CgH;0Oy).
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4.3.1.4. Compounds isolated and characterized in the reaction of

fumaraldehyde and 2-methylresorcinol.

This reaction was carried out in sodium phosphate buffer, pH 7.0, and
was later reduced with sodium borohydride. Two compounds (37 and 38)
were isolated and characterized.

2-(2-Hydroxyethyl)-7-methylbenzofuran-6-ol  (37). '‘H  NMR
(CD;0D): & (ppm) 1.98s (3H, CH3C7), 2.94t (2H, J = 7.0 Hz, H1"), 3.88t (2H,
J=17.0 Hz, H2"), 6.35s (1H, H3), 6.68d (1H, J = 8.5 Hz, H5), and 7.04d (1H,
J = 8.5 Hz, H4). ®°C NMR (CD;0D): & (ppm) 8.60 (CHsC7), 33.03 (C1’),
61.72 (C2°), 104.30 (C3), 108.42 (C7), 112.10 (C5), 118.10 (C4), 124.45
(C3a), 153.22 (C6), 155.65 (C2), and 155.85 (C7a). MS of the trimethylsilyl
derivative, m/z (%, ion structure): 336 (32, M"), 321 (13, M* — CH,), 233
(100, M+ — CH,OTMSi), and 73 (41, TMSi).

2-(2-Hydroxyethyl)-7-methyl-2,3-dihydrobenzofuran-3,6-diol (38). ‘H
NMR (CD;0D): & (ppm) 2.02s (3H, CH;C7), 2.04m (2H, H1"), 3.45t (2H, J =
7.0 Hz, H2’), 5.23t (1H, J = 5.8 Hz, H2), 5.50d (1H, J = 5.8 Hz, H3), 6.35d
(1H, J = 8.1 Hz, H5), and 6.94d (1H, J = 8.1 Hz, H4). **C NMR (CD;0D): &
(ppm) 8.53 (CH4C7), 35.64 (C1°), 65.94 (C2’), 84.66 (C3), 87.97 (C2),
107.12 (C7), 108.75 (C5), 116.81 (C3a), 124.01 (C4), 158.61 (C6), and
162.22 (C7a). MS of the trimethylsilyl derivative, m/z (%, ion structure): 426
(12, M%), 411 (27, M" — CHs), 336 (9, M+ — TMSIiOH), 323 (39, M* —
CH,OTMSi), 321 (27, 336 — CHs), 308 (31, M* — CH3;CH,OTMSi), 307 (39),
293 (22, 308 — CHjy), 247 (21, 336 — TMSIO), 233 (31, 336 — TMSIOCH,),
and 73 (100, TMSI).
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4.3.1.5. Compounds isolated and characterized in the reaction of

fumaraldehyde and resorcinol.

This reaction was carried out in sodium phosphate buffer, pH 7.0, and
was later reduced with sodium borohydride. Only compound 39 was isolated
and characterized.

2-(2-Hydroxyethyl)benzofuran-6-ol (39). *H NMR (CD;OD): & (ppm)
2.92dt (2H, J = 0.8 Hz, J = 6.9 Hz, H1"), 3.86t (2H, J = 6.9 Hz, H2"), 6.38d
(1H, J = 0.8 Hz, H3), 6.68dd (1H, J = 2.2 Hz, J = 8.4 Hz, H5), 6.84dd (1H, J
= 0.8 Hz, J = 2.2 Hz, H7), and 7.24d (1H, J = 8.4 Hz, H4). *C NMR
(CD;0D): & (ppm) 33.14 (C1°), 61.31 (C2°), 98.73 (C7), 104.10 (C3), 112.77
(C5), 121.55 (C4), 123.00 (C3a), 156.12 (C6), 156.33 (C2), and 157.46 (C7a).
MS, m/z (%, ion structure): 178 (47, M™), and 147 (100, M* — CH,OH).

4.3.2. Effect of reaction conditions on the formation of oxoalkenal-phenol

adducts in the reaction of 4-oxo-2-hexenal and 2-methylresorcinol.

The effects of pH, reactant concentration, time, and temperature on
the reaction between 4-oxo-2-hexenal and 2-methylresorcinol were studied to
find out the reaction conditions that favored the formation of carbonyl-phenol
adducts. As shown in Figure 59A, five adducts were observed by GC-MS
after acetylation of the reaction mixture: one of them was a benzofuran-6-yl
acetate (compound 29), other two adducts were 2,3,3a,8a-tetrahydrofuro[2,3-
b]benzofuran-2,6-diyl diacetates (compounds 30a and 30b), and the other two
adducts were chromane-2,7-diyl diacetates (compounds 31a and 31b). The
effect of reaction conditions on the formation of all of them was studied.

The effect of pH is shown in Figure 62. Most adducts were produced

to a higher extent at pH 7-8 and their concentration decreased to a higher pH
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values. Only the concentration of compound 29 increased slightly from pH 8

to pH 9, although its concentration at pH 9 was lower than that at pH 7.

Adduct (nmol/umol phenol)
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Figure 62. Effect of reaction pH on the formation of carbonyl-
phenol adducts. Reactions were carried out by heating a mixture
of 4-oxo-2-hexenal (40 umol) and 2-methylresorcinol (30 umol)
in 300 z of 0.3 M buffer for 30 min at 100 °C under nitrogen.
The carbonyl-phenol adducts produced were compounds 29
(C1,m), 30a (O,®), 30b (A,A), 31a (V,V), and 31b (O, @).
Three buffers were employed: 0.3 M sodium citrate buffer, pH 5,
sodium phosphate, pH 6-8 (open symbols), and 0.3 M sodium
borate buffer,pH 8-9 (closed symbols).

As expected, adduct concentration depended on the concentration of

both the oxoalkenal and the phenolic compound, and increased when the

concentration of any of them increased (Figures 63 and 64, respectively).

Adduct concentration exhibited a great dependence on the oxoalkenal

concentration (Figure 63) and this dependence was less relevant in relation to

the concentration of the phenolic compound (Figure 64). In relation to the

aldehyde, the different adducts exhibited different behaviors. Thus, compound

29 increased linearly (r = 0.999, p < 0.0001) as a function of the concentration
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of the oxoalkenal (Figure 63). On the contrary, compound 30a was mostly
favored at low concentrations of oxoalkenal, and its diastereomer compound
30b was mostly favored at high concentrations of oxoalkenal. In fact,
considering the concentrations of diastereomers 30a and 30b altogether, their
concentration increased linearly (r = 0.995, p < 0.0001) as a function of the
concentration of the oxoalkenal. In relation to compounds 31a and 31b, both
compounds were favored at high concentrations of the aldehyde and, when
considered altogether, their concentration seemed to follow an exponential
growth (r? = 0.999) as a function of the concentration of the oxoalkenal.

N
N
1

=
D
1

Adduct (nmol/umol phenol)

Oxoalkenal (umol)

Figure 63. Effect of oxoalkenal concentration on the formation
of carbonyl-phenol adducts. Reactions were carried out by
heating a mixture of 4-oxo-2-hexenal at the indicated
concentrations and 2-methylresorcinol (30 pmol) in 300 gl of
0.3 M sodium phosphate buffer, pH 8, for 30 min at 100 °C
under nitrogen. The carbonyl-phenol adducts produced were
compounds 29 ([1), 30a (O), 30b (~\), 31a (V), and 31b ().

Different to this behavior, an increase in the concentration of the
phenolic compound only seemed to favor the formation of compound 29,

which increased linearly (r = 0.993, p = 0.0001) as a function of the
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concentration of the phenolic compound (Figure 64). On the contrary, the
concentration of compounds 30-31 seemed to achieve the maximum value
when 30 pumol of 2-methylresorcinol were added and further additions of 2-
methylresorcinol did not produce increases in the formed amounts of these
adducts.

= N
© (o)) I
1 1 1

Adduct (nmol/umol OH)

o
1

Phenol (umol)

Figure 64. Effect of phenol concentration on the formation of
carbonyl-phenol adducts. Reactions were carried out by heating
a mixture of 4-oxo-2-hexenal (40 umol) and 2-methylresorcinol
at the indicated concentrations in 300 g of 0.3 M sodium
phosphate buffer, pH 8, for 30 min at 100 °C under nitrogen.
The carbonyl-phenol adducts produced were compounds 29 (),
30a (O), 30b (A1), 31a (V), and 31b (). OH, 4-ox0-2-hexenal.

Figures 65-69 show the effect of reaction time and temperature on
adduct formation. As can be observed, concentration of all adducts exhibited a

great dependence on both time and temperature.
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In general, the formation of the adducts was very fast, and a
significant concentration of them was observed after very short reaction times.
In addition, high temperatures (140 °C) and long heating times (1 h) mostly
promoted their disappearance. On the contrary, low temperatures (60 °C)
seemed to promote their formation as a function of the heating time. An
intermediate temperature (100 °C) mostly promoted their formation at low
reaction times (20 min) and, then, their degradation at higher reaction times (1
h). Although there were exceptions, the highest amount of the different
adducts was usually obtained after 20 min when heated at 100 °C and after 60
min when heated at 60 °C.
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Figure 65. Effect of reaction time and temperature on the
formation of compound 29. Reactions were carried out by
heating a mixture of 4-oxo-2-hexenal (40 pmol) and 2-
methylresorcinol (30 gmol) in 300 xl of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 60 (O), 100 (), and
140°C (V).
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Figure 66. Effect of reaction time and temperature on the
formation of compound 30a. Reactions were carried out by
heating a mixture of 4-oxo-2-hexenal (40 pmol) and 2-
methylresorcinol (30 gmol) in 300 xl of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 60 (O), 100 (), and
140°C (V).
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Figure 67. Effect of reaction time and temperature on the
formation of compound 30b. Reactions were carried out by
heating a mixture of 4-oxo-2-hexenal (40 pmol) and 2-
methylresorcinol (30 gmol) in 300 xl of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 60 (O), 100 (4\), and
140°C (V).
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Figure 68. Effect of reaction time and temperature on the
formation of compound 3la. Reactions were carried out by
heating a mixture of 4-oxo-2-hexenal (40 pmol) and 2-
methylresorcinol (30 gmol) in 300 x4 of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 60 (O), 100 (), and
140°C (V).
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Figure 69. Effect of reaction time and temperature on the
formation of compound 31b. Reactions were carried out by
heating a mixture of 4-oxo-2-hexenal (40 pmol) and 2-
methylresorcinol (30 gmol) in 300 xl of 0.3 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures under
nitrogen. The assayed temperatures were: 60 (O), 100 (), and
140 °C (V).

4.4, Thermal degradation of unsaturated aldehydes.

In addition to the above described reactions of phenolics with alkanals
(section 4.1), epoxyalkenals (section 4.2), and oxoalkenals (section 4.3), the
carbonyl-phenol adducts produced with some other lipid-derived aldehydes
were also studied, but carbonyl-phenol adducts were not produced to a high
extent because the studied aldehydes resulted unstable and suffered
degradative reactions upon heating. These reactions produced new aldehydes
that were able to react with the phenolic compounds producing the
corresponding carbonyl-phenol adducts. These reactions complicated

considerably the compounds produced in carbonyl-phenol reaction mixtures.
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In an attempt to both clarify the stability of 2-alkenals and 2,4-
alkadienals upon thermal treatment and to characterize the compounds
produced as a consequence of their degradation, this section describes the
identification and quantification of the thermal degradation products of 2-
alkenals and 2,4-alkadienals. As models of 2-alkenals and 2,4-alkadienals, 2-
pentenal and 2,4-heptadienal, respectively, were selected as oxidation
products of ®3 fatty acid chains, and 2-octenal and 2,4-decadienal,

respectively, were selected as oxidation products of w6 fatty acid chains.

4.4.1. Thermal degradation of 2-alkenals and 2,4-alkadienals.

2-Alkenals and 2,4-alkadienals were more or less stable upon heating
depending on the presence of both air and buffers. Figure 70 shows the
chromatograms obtained by GC-MS after 1 h heating at 200 °C for the four
assayed aldehydes: 2-pentenal  (chromatograms a-d), 2-octenal
(chromatograms e-h), 2,4-heptadienal (chromatograms i-1), and 2,4-
decadienal (chromatograms m-—p). The first chromatogram of each series
(chromatograms a, e, i, and m) corresponds to the aldehyde with no solvent
added and heated under nitrogen. The second chromatogram of each series
(chromatograms b, f, j, and n) corresponds to the aldehyde with no solvent
added and heated under air. The third chromatogram of each series
(chromatograms c, g, k, and 0) corresponds to the solution of the aldehyde in
a buffer that was heated under nitrogen. The fourth chromatogram of each
series (chromatograms d, h, I, and p) corresponds to the solution of the
aldehyde in a buffer that was heated under air. Although two buffers were
used in the different experiments, because the results obtained using either
sodium phosphate buffer, pH 8, or sodium borate buffer, pH 8, were identical,
only the chromatograms obtained using sodium phosphate buffer are shown in

Figure 70 (chromatograms c, d, g, h, k, |, 0, and p).
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Figure 70. Total ion chromatograms obtained by GC-MS for: 2-pentenal (a-d), 2-
octenal (e-h), 2,4-heptadienal (i-l), and 2,4-decadienal (m-p). All samples were
heated for 1 h at 200 °C and, then, derivatized with 0-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride. Compounds identified were:
formaldehyde (43), acetaldehyde (44), propanal (45), 2-pentenal (46), hexanal (47),
2,4-heptadienal (48), 2-octenal (49), glyoxal (50), 2,4-decadienal (51), and
fumaraldehyde (52).
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2-Alkenals and 2,4-alkadienals mostly remained unchanged in the
absence of both buffer and air. Thus, 2-pentenal (46) with no solvent added
was relatively stable after heating under nitrogen (chromatogram a).
Something similar occurred for 2-octenal (49, chromatogram e), 2,4-
heptadienal (48, chromatogram i), and 2,4-decadienal (51, chromatogram m).

When the aldehyde with no solvent added was heated in the presence
of air, the most significant change produced was the appearance of
formaldehyde (43, chromatograms b, f, j, and n, for the heating of 2-pentenal,
2-octenal, 2,4-heptadienal, and 2,4-decadienal, respectively, under air). In
addition, the formation of minute amounts of glyoxal (50) and fumaraldehyde
(52) were also observed in chromatograms j and n corresponding to the
thermal degradation of 2,4-heptadienal and 2,4-decadienal, respectively.
Furthermore, the formation of trace amounts of 2-pentenal (46) and propanal
(45) in chromatogram j, and of 2-octenal (49) and hexanal (47) in
chromatogram n were also observed.

Aldehydes suffered a higher decomposition in the presence of buffer.
However, dialdehydes glyoxal (50) and fumaraldehyde (52) were not
observed under these reaction conditions, and formaldehyde (43) was detected
to a lower extent than when the buffer was absent. On the other hand, shorter
aldehydes were produced to a higher extent and a similar decomposition was
observed in the presence and in the absence of air. Thus, 2-pentenal (46)
disappeared completely after 1 h at 200 °C (chromatograms ¢ and d for
nitrogen and air, respectively) and the formation of propanal (45) and
acetaldehyde (44) was observed. Something similar occurred for 2-octenal
(49). It almost disappeared and the formation of hexanal (47) and
acetaldehyde (44) was observed (chromatograms g and h for nitrogen and air,
respectively). Results for 2,4-heptadienal (48) show slightly more stability
and the initial aldehyde could still be detected after 1 h heating at 200 °C
(chromatograms k and | for nitrogen and air, respectively). In addition, 2,4-
heptadienal decomposition produced propanal (45), acetaldehyde (44) and

small amounts of 2-pentenal (46). Finally, decomposition of 2,4-decadienal
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(51) (chromatograms o and p for nitrogen and air, respectively) mostly
produced hexanal (47) and acetaldehyde (44).

With the exception of formaldehyde (43) and acetaldehyde (44), the
formed aldehydes corresponded to the breakage of the different double bonds
present in the initial aldehyde as indicated in Figure 70. Thus, 2-alkenals (46
or 49) produced the corresponding alkanals propanal (45) or hexanal (47),
respectively. In addition, 2,4-alkadienals (48 or 51) produced both 2-alkenals
(46 or 49, respectively) and alkanals (45 or 47, respectively). These reactions
were accompanied by the formation of both glyoxal (50) and fumaraldehyde
(52), although these last compounds seemed to be easily decomposed when
buffer was present. The next subsections will describe this thermal breakage

suffered by the different assayed aldehydes.

4.4.2. Thermal degradation of 2-pentenal.

As discussed above, the breakage of 2-pentenal produced propanal, in
addition to formaldehyde and acetaldehyde. This reaction should be
accompanied by formation of glyoxal, although this compound was not
detected when the reaction was carried out in the presence of buffer. 2-
Pentenal decomposition in buffer solution and the formation of the
corresponding propanal is shown in Figures 71-74. Propanal was formed to
an extent that depended on the concentration of 2-pentenal and the reaction
conditions.

Figure 71 shows that propanal formation took place over a wide pH-
range with a maximum around pH 8. Thus, propanal was produced with a
yield >8% at pH 5-11.
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Figure 71. Effect of reaction pH on the formation of propanal by
thermal decomposition of 2-pentenal. Reactions were carried out
by heating a solution of 2-pentenal (10 pmol) in 420 4l of 0.2 M
buffer for 1 h at 200 °C. Three buffers were employed: 0.2 M
sodium citrate buffer, pH 2.15-5; sodium phosphate, pH 6-8;
and 0.2 M sodium borate buffer, pH 9-12.

The amount of propanal produced increased linearly (r = 0.993, p <
0.0001) as a function of 2-pentenal concentration (Figure 72). The slope of
the obtained line (0.125) indicates the reaction yield (12.5%), which was

constant over the assayed concentration range (0-80 umol of 2-pentenal).
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Figure 72. Effect of 2-pentenal concentration on the formation
of propanal by thermal decomposition of 2-pentenal. Reactions
were carried out by heating a solution of 2-pentenal at the
indicated concentrations in 420 x4l of 0.2 M sodium phosphate

buffer, pH 8, for 1 h at 200 °C.

2-Pentenal concentration decreased exponentially as a function of
heating time and temperature (Figure 73), and 2-pentenal disappearance was
produced more rapidly at a higher temperature. Thus, less than 10% of initial
2-pentenal was observed after 25 min at 200 °C and after 45 min at 160 °C.
When 2-pentenal was heated at 120 °C, 17% of the initial aldehyde was still

present after 60 min.
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Figure 73. Time-course of 2-pentenal disappearance by thermal
decomposition. Reactions were carried out by heating a solution
of 2-pentenal (10 gmol) in 420 w4l of 0.2 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures. The
assayed temperatures were 200 (O), 160 (£\), or 120 °C (V).

This disappearance of 2-pentenal was parallel to the formation of
propanal (Figure 74). Propanal concentration only increased linearly (r >
0.994, p < 0.0067) for most temperatures at the beginning of the heating, in
accordance to the exponential degradation observed for 2-pentenal. In fact,
there was an inverse correlation (r > 0.935, p < 0.002) between the
concentrations of 2-pentenal and propanal as a function of heating time at the
three assayed temperatures.
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Figure 74. Time-course of propanal formation by thermal
decomposition of 2-pentenal. Reactions were carried out by
heating a solution of 2-pentenal (10 gmol) in 420 x4l of 0.2 M
sodium phosphate buffer, pH 8, at the indicated times and
temperatures. The assayed temperatures were 200 (O), 160
(A), or120°C (V).

Reaction rates for propanal formation were higher at higher
temperatures. These reaction rates were calculated from the initial times at
which the concentration of propanal increased linearly as a function of heating

time (Figure 74) by using the equation:
[propanal] = kt
where K is the rate constant and t is the time. These rate constants were used in

an Arrhenius plot for the calculation of the activation energy (E,) of propanal

formation by heating 2-pentenal. The determined E, was 25.2 kJ/mol.
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4.4.3. Thermal degradation of 2-octenal.

2-Octenal exhibited a behavior analogous to that of 2-pentenal, and
hexanal formation also depended on 2-octenal concentration and reaction
conditions (Figures 75-78).

The effect of pH is shown in Figure 75. Thus, hexanal was mainly
produced at basic pH, with a maximum around pH 10. Differently to the
formation of propanal (Figure 71), the formation of hexanal was promoted at

a narrower pH interval.
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Figure 75. Effect of reaction pH on the formation of hexanal by
thermal decomposition of 2-octenal. Reactions were carried out
by heating a solution of 2-oxtenal (10 pmol) in 420 xl of 0.2 M
buffer for 1 h at 200 °C. Three buffers were employed: 0.2 M
sodium citrate buffer, pH 2.15-5; sodium phosphate, pH 6-8;
and 0.2 M sodium borate buffer,pH 9-12.

The amount of hexanal formed increased linearly (r = 0.999, p <
0.0001) as a function of 2-octenal concentration (Figure 76). The slope of the
obtained line (0.180) indicated the reaction yield (18.0%), which was constant

over the assayed range (0-80 pumol of 2-octenal). This yield was slightly
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higher than that found for the formation of propanal from 2-pentenal (Figure
72).
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Figure 76. Effect of 2-octenal concentration on the formation of
hexanal by thermal decomposition of 2-octenal. Reactions were
carried out by heating a solution of 2-octenal at the indicated
concentrations in 420 xl of 0.2 M sodium phosphate buffer, pH
8, for 1 h at 200 °C.

Analogously to 2-pentenal, 2-octenal also disappeared exponentially
as a function of reaction time and this disappearance was produced more
rapidly at a higher temperature (Figure 77). Less than 10% of the initial 2-
octenal was found after 40 min heating at 200 °C, 50 min heating at 160 °C,
and about 60 min when heating at 120 °C.
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Figure 77. Time-course of 2-octenal disappearance by thermal
decomposition. Reactions were carried out by heating a solution
of 2-octenal (10 gmol) in 420 g of 0.2 M sodium phosphate
buffer, pH 8, at the indicated times and temperatures. The
assayed temperatures were 200 (O), 160 (£\), or 120 °C (V).

Hexanal concentration increased linearly (r > 0.971, p < 0.00097) as a
function of reaction time, and reaction rates were higher at higher
temperatures (Figure 78). Reaction rates were calculated from the slopes of
the adjusted lines as described previously. The determined E, was 25.3
kJ/mol, which was very similar to the E, obtained for propanal formation
from 2-pentenal (see section 4.4.2).
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Figure 78. Time-course of hexanal formation by thermal
decomposition of 2-octenal. Reactions were carried out by
heating a solution of 2-octenal (10 zmol) in 420 x4l of 0.2 M
sodium phosphate buffer, pH 8, at the indicated times and
temperatures. The assayed temperatures were 200 (O), 160
(A), or120°C (V).

4.4.4. Thermal degradation of 2,4-heptadienal.

When 2,4-heptadienal was heated in the presence of buffer, the
formation of the two aldehydes corresponding to the breakage of either one or
the other double bond was observed, although propanal was always formed to
a higher extent than 2-pentenal (Figures 79-83). In addition, and analogously
to 2-pentenal and 2-octenal thermal decomposition, aldehyde formation
depended on the concentration of 2,4-heptadienal and the reaction conditions.

The effect of reaction pH on the decomposition of 2,4-heptadienal is
shown in Figure 79. Both, propanal and 2-pentenal were produced over a
wide pH range with a maximum at about pH 7-8. There was no clear
difference between the optimum pH values for the formation of any of them,
although 2-pentenal seemed to be produced better at a pH slightly more acidic

than propanal.
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Figure 79. Effect of reaction pH on the formation of propanal
(O) and 2-pentenal (@) by thermal decomposition of 2,4-
heptadienal. Reactions were carried out by heating a solution of
2,4-heptadienal (10 pmol) in 420 g of 0.2 M buffer for 1 h at
200 °C. Three buffers were employed: 0.2 M sodium citrate
buffer, pH 2.15-5; sodium phosphate, pH 6-8; and 0.2 M sodium
borate buffer,pH 9-12.

Propanal and 2-pentenal concentrations increased when the
concentration of 2,4-heptadienal increased (Figure 80). This increase was
linear (r = 0.995, p < 0.0001) for 2-pentenal for the whole concentration range
assayed (0-80 umol of 2,4-heptadienal), and also for propanal (r = 0.996, p <
0.0001) but only in the 0—40 pmol range of 2,4-heptadienal. The slopes of the
obtained lines (0.09774 and 0.00973) indicated reaction yields of 9.8% and

1.0% for propanal and 2-pentenal, respectively.
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Figure 80. Effect of 2,4-heptadienal concentration on the
formation of propanal (O) and 2-pentenal (@) by thermal
decomposition of 2,4-heptadienal. Reactions were carried out by
heating a solution of 24-heptadienal at the indicated

concentrations in 420 xl of 0.2 M sodium phosphate buffer, pH
8, for 1 h at 200 °C.

Analogously to the above discussed behavior of 2-alkenals, 2,4-
heptadienal concentration decreased exponentially as a function of reaction

time and this decrease was higher at higher temperatures (Figure 81).
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2,4-Heptadienal (umol)

Time (min)

Figure 81. Time-course of 2,4-heptadienal disappearance by
thermal decomposition. Reactions were carried out by heating a
solution of 2,4-heptadienal (10 pmol) in 420 z1 of 0.2 M sodium
phosphate buffer, pH 8, at the indicated times and temperatures.
The assayed temperatures were 200 (O), 160 (4.), or 120 °C
(V).

This decrease was parallel to the formation of both propanal (Figure
82) and 2-pentenal (Figure 83). The E, required for the formation of both
aldehydes was calculated by using the slopes of the obtained lines as
described previously. The E, for propanal and 2-pentenal formation were 25.2
and 22.5 kJ/mol, respectively.
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Figure 82. Time-course of propanal formation by thermal
decomposition of 2,4-heptadienal. Reactions were carried out by
heating a solution of 2,4-heptadienal (10 pmol) in 420 z of 0.2
M sodium phosphate buffer, pH 8, at the indicated times and
temperatures. The assayed temperatures were 200 (O), 160
(4), or120°C (V).

K

.2 0.09- e o
e}

C

a

2

= 0.061 e o

e

: /
o

<

< 0.034 A -

E | e

= 0,001

[¢D)

E T T T T T
& 0 3 6 9 12
o Time (min)

Figure 83. Time-course of 2-pentenal formation by thermal
decomposition of 2,4-heptadienal. Reactions were carried out by
heating a solution of 2,4-heptadienal (10 pmol) in 420 x4l of 0.2
M sodium phosphate buffer, pH 8, at the indicated times and
temperatures. The assayed temperatures were 200 (@), 160
(A),0r120°C (V).
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4.4.5. Thermal degradation of 2,4-decadienal.

Analogously to the above described for 2,4-heptadienal, when 2,4-
decadienal was heated, the formation of the two aldehydes corresponding to
the breakage of either the first or the second double bond was observed and
hexanal was always formed to a higher extent than 2-octenal (Figures 84-88).
In addition, and analogously to the above described decompositions for the
other aldehydes, the yields of hexanal and 2-octenal formation depended on
the concentration of 2,4-decadienal and the reaction conditions.

The effect of reaction pH on the decomposition of 2,4-decadienal is
shown in Figure 84. Analogously to the aldehydes produced in the
decomposition of 2,4-heptadienal, hexanal and 2-octenal were produced over
a wide pH range with a maximum at about pH 8 and there was no clear
difference between the optimum pH values for the formation of both
aldehydes. Nevertheless, and in accordance with the above observations for
2,4-heptadienal decomposition, the 2-alkenal seemed to be produced in a
greater yield at a pH value slightly more acidic than the alkanal.
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Figure 84. Effect of pH on the formation of hexanal (O) and 2-
octenal (@) by thermal decomposition of 2,4-decadienal.
Reactions were carried out by heating a solution of 2,4-
decadienal (10 pmol) in 420 ul of 0.2 M buffer for 1 h at 200 °C.
Three buffers were employed: 0.2 M sodium citrate buffer, pH
2.15-5; sodium phosphate, pH 6-8; and 0.2 M sodium borate
buffer,pH 9-12.

Hexanal and 2-octenal concentrations increased when the
concentration of 2,4-decadienal increased (Figure 85). This increase was
linear (r > 0.998, p < 0.0001) for both hexanal and 2-octenal for the whole
concentration range assayed (0-80 umol of 2,4-decadienal). The slopes of the
obtained lines (0.1154 and 0.00821) indicated reaction yields of 11.5% and
0.8% for hexanal and 2-octenal, respectively.
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Figure 85. Effect of 2,4-decadienal concentration on the
formation of hexanal (O) and 2-octenal (®) by thermal
decomposition of 2,4-decadienal. Reactions were carried out by
heating a solution of 24-decadienal at the indicated
concentrations in 420 xl of 0.2 M sodium phosphate buffer, pH
8, for 1 h at 200 °C.

As observed for other aldehydes, 2,4-decadienal concentration
decreased exponentially as a function of reaction time and this decrease was

higher at higher temperatures (Figure 86).
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2,4-Decadienal (umol)
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Figure 86. Time-course of 2,4-decadienal disappearance by
thermal decomposition. Reactions were carried out by heating a
solution of 2,4-decadienal (10 pmol) in 420 x4l of 0.2 M sodium
phosphate buffer, pH 8, at the indicated times and temperatures.
The assayed temperatures were 200 (O), 160 (4.), or 120 °C
(V).

This decrease was parallel to the formation of both hexanal (Figure
87) and 2-octenal (Figure 88). The E, required for the formation of both
aldehydes was calculated by using the slopes of the obtained lines as
described previously. The E, for hexanal and 2-octenal formation were 21.3
and 29.6 kJ/mol, respectively.
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Figure 87. Time-course of hexanal formation by thermal
decomposition of 2,4-decadienal. Reactions were carried out by
heating a solution of 2,4-decadienal (10 pmol) in 420 g of 0.2
M sodium phosphate buffer, pH 8, at the indicated times and
temperatures. The assayed temperatures were 200 (O), 160
(A), or120°C (V).
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Figure 88. Time-course of 2-octenal formation by thermal
decomposition of 2,4-decadienal. Reactions were carried out by
heating a solution of 2,4-decadienal (10 pmol) in 420 g of 0.2
M sodium phosphate buffer, pH 8,at the indicated times and
temperatures. The assayed temperatures were 200 (@), 160
(A),0r120°C (V).
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4.5, Carbonyl-trapping by phenols during the frying process.

The final section of Results part is dedicated to the study of the
formation and presence of carbonyl-phenol adducts in food products. These
studies were carried out with fried foods because the frying of foods produces
short chain toxicologically relevant aldehydes, namely 2-propenal and (E)-2-
butenal (acrolein and crotonaldehyde, respectively) in both frying oils and
fried foods (Ewert et al., 2011; Granvogl, 2014; Ewert et al., 2014). However,
the amounts of these compounds are much higher in the frying oils than in the
fried foods (Granvogl, 2014).

The decreased content of lipid-derived aldehydes in fried foods might
be a consequence of a limited absorption of these compounds by the foods,
but also of a reaction of the generated aldehydes with some food components.

In an attempt to clarify this point, this section describes the formation
of carbonyl-phenol adducts in both onions submitted to frying in rapeseed oil
containing acrolein, crotonaldehyde, and (E)-2-pentenal as well as in
commercially crispy fried onions.

These aldehydes were selected because of both their confirmed
formation in oils submitted to frying (Ewert et al., 2011; Granvogl, 2014;
Ewert et al., 2014) and the fact that the reaction mechanism of (E)-2-alkenals
with phenolic compounds is now well understood (Hidalgo & Zamora, 2014).
In addition, onion was chosen as a model food because its flavonoid
composition and content are well-known (Price & Rhodes, 1997; Crozier et
al., 1997; Price et al., 1997; Marotti & Piccaglia, 2002; Patil et al., 1995).
Thus, the total flavonoids in red onions are about 140 mg/100 g of fresh
weight, from which quercetin derivatives are about 85% of the total
flavonoids. Therefore, the presence of adducts formed between these

aldehydes and quercetin was investigated.
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4.5.1. Formation of carbonyl-phenol adducts by reaction of acrolein,

crotonaldehyde, or (E)-2-pentenal with quercetin.

The main adducts formed in the reactions of acrolein, crotonaldehyde,
or (E)-2-pentenal with quercetin were synthesized and characterized in order
to use them as reference compounds for the identification of these aldehyde-
phenol adducts in both onions fried in the laboratory and commercially crispy
fried onions.

The reaction between (E)-2-alkenals and phenols is complex, and
different single compounds as well as polymers are produced (Hidalgo &
Zamora, 2014). When the reaction was carried out with the flavonoid
guercetin, the complexity of the reaction increased because this phenol has a
higher number of reactive positions. However, the reactivity of some positions
was found to be higher than that of others, and thus, only a limited humber of
adducts was produced.

The reaction between (E)-2-alkenals and quercetin took place as

indicated in Figure 89.
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(54) (55)

(56-58) (59)

Compounds 56, 60: R = H
Compounds 57, 61: R = CH;4
Compounds 58, 62: R = CH,CHj;4

(60-62)

Figure 89. Formation mechanism of aldehyde-quercetin
adducts. The aldehydes employed in this study were acrolein (R
= H), crotonaldehyde (R = CHg3), and (E)-2-pentenal (R =
CH,CHy).
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The first step was the addition of one aromatic carbon or one hydroxyl
group with a high nucleophilicity in the phenol to the olefinic carbon at the S-
position of the aldehyde. Quercetin (53) has different atoms susceptible for
this addition: the carbons at positions 6 and 8, and all the hydroxyl groups. If
the reaction takes place with an aromatic carbon of quercetin, an adduct
similar to compound 54 is produced. If the reaction takes place with a
hydroxyl group, an adduct similar to compound 55 is formed. The
stabilization is different for compounds 54 and 55 and involves the other
reactive groups that did not react in the first step. This first step is reversible,
and only the adducts that can later be stabilized are able to be isolated.

Adducts 54 are stabilized by reacting with the contiguous hydroxyl
group and forming the corresponding hemiacetals 56-58. These compounds
56-58 have a molecular weight resulting from the addition of the molecular
weights of quercetin and the respective carbonyl compounds. Theoretically,
three isomers can be produced for each aldehyde, which would involve carbon
8 and hydroxyl 7, carbon 6 and hydroxyl 7, and carbon 6 and hydroxyl 5 of
quercetin, respectively.

Adducts 55 are stabilized by addition of an aromatic carbon of
quercetin to the carbonyl carbon of the aldehyde, resulting in the cyclic
structure 59, which is later dehydrated to yield the conjugated olefins 60-62.
These compounds 60-62 have a molecular weight resulting from the addition
of the molecular weights of quercetin and the respective carbonyl compounds
minus one molecule of water. Analogously to compounds 56-58, three
isomers can be produced for each aldehyde, which would involve carbon 8
and hydroxyl 7, carbon 6 and hydroxyl 7, and carbon 6 and hydroxyl 5 of
quercetin, respectively.

When the reaction between the aldehydes and quercetin was carried
out, the presence of both kinds of products (the hemiacetal and the conjugated
olefin) could be observed. However, the ratio among them depended on the

involved aldehyde.
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Figure 90 shows the mass spectra of the reaction mixtures obtained
for the three assayed aldehydes. Acrolein mostly produced the hemiacetal 56
[m/z 357 (M* — 1)] and only small amounts of the conjugated olefin 60 [m/z
339 (M* —1)] (Figure 90A). In addition, an adduct involving 2 molecules of
acrolein and 1 molecule of quercetin was also observed [m/z 413 (M" — 1)].
This is likely a consequence of the high reactivity of this aldehyde, which is
able to react with several positions of the phenolic compound. For adducts
involving one molecule of acrolein and one molecule of quercetin, the
hemiacetal is a more stable compound than the conjugated olefin. This last
compound is susceptible to polymerize because of the presence of the
additional double bond. Besides, the conjugated olefin suffers the addition of
methanol to produce a further adduct [m/z 371 (M* — 1)].

Differently from acrolein, the two adducts involving one molecule of
crotonaldehyde and one molecule of quercetin were produced for
crotonaldehyde (Figure 90B), although the hemiacetal [m/z 371 (M™ — 1)]
(compound 57) seemed to be formed to a higher extent than the conjugated
olefin [m/z 353 (M" — 1)] (compound 61). Because of the reactivity of this
olefin, the corresponding methanol adduct was also present in the reaction
mixture [m/z 385 (M* — 1)].

The introduction of an additional methylene group into the aldehyde
shifted the reaction toward the formation of the conjugated olefin as the main
product [m/z 367 (M" — 1)] (compound 62), although the hemiacetal 58 [m/z
385 (M* — 1)] was also formed to a significant extent (Figure 90C). As
observed for the other conjugated olefins, the corresponding methanol adduct

was also present in the reaction mixture [m/z 399 (M" — 1)].
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Figure 90. Mass spectra of the reaction mixtures between
quercetin and: (A) acrolein; (B),crotonaldehyde; and (C), (E)-2-
pentenal.

The main adducts formed in the three reaction mixtures were isolated
by column chromatography on Sephadex LH-20 and characterized by NMR
and LC-HRMS. These compounds were the hemiacetals produced with
acrolein and crotonaldehyde (compounds 56 and 57, respectively) and the
conjugated olefins produced with crotonaldenyde and (E)-2-pentenal
(compounds 61 and 62, respectively). The chemical structures for all these

compounds are shown in Figure 91.
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(61) (62)

Figure 91. Chemical structures of the carbonyl-phenol adducts
isolated and characterized by NMR and LC-HRMS in the
different assayed reactions between 2-alkenals and quercetin.
The aldehyde and the phenolic compound involved in the
formation of each adduct is described in the text.

Long distance NMR couplings were determined by HMBC
experiments and allowed the unequivocal characterization of the formed
structures. The observed HMBC couplings for the two kinds of produced
adducts are shown in Figure 92. HMBC couplings of compounds 57 and 62
were identical to those of compounds 56 and 61, respectively.
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Figure 92. HMBC couplings exhibited by compounds 56 and 61.

These adducts always involved carbon 8 and hydroxyl 7 in quercetin.
The spectroscopic and spectrometric data of the different isolated and
characterized compounds are the following:

2-(3,4-Dihydroxyphenyl)-3,5,8-trihydroxy-9,10-dihydro-4H,8H-

pyrano[2,3-flchromen-4-one (56). *H NMR (DMSO-d): & (ppm) 1.97br (2H,
H9), 2.88br (2H, H10), 3.38br (OH), 5.58br (1H, H8), 6.18s (1H, H6), 6.90d
(1H, J = 8.5 Hz, HY'), 7.61dd (1H, J = 2.1 Hz, J = 8.5 Hz, H6'), 7.73d (1H, J
= 2.1 Hz, H2'), 9.47br (OH), 12.30br (OH). *C NMR (DMSO-dg): & (ppm)
14.85 (C10), 26.87 (C9), 93.29 (C8), 98.89 (C6), 101.26 (C10a), 104.20
(C4a), 115.32 (C2"), 116.18 (C5"), 120.43 (C6'), 122.64 (C1"), 136.56 (C3),
145.64 (C3'), 147.26 (C2'), 148.27 (C4"), 153.10 (C10b), 158.59 (C6a),
158.78 (C5), 176.51 (C4). HRMS, m/z 357.06154 (M* — 1), error 0.2 ppm.

2-(3,4-Dihydroxyphenyl)-3,5,8-trihydroxy-10-methyl-9,10-dihydro-
4H,8H-pyrano[2,3-f Jchromen-4-one (57). 'H NMR (DMSO-dg): & (ppm)
1.38d (3H, J = 7.0 Hz, H1"), 1.94br (2H, H9), 3.38br (OH), 3.41br (1H, H10),
5.50d br (1H, J = 7.9 Hz, H8), 6.18s (1H, H6), 6.91d (1H, J = 8.5 Hz, H5'),
7.60dd (1H, J = 2.2 Hz, J = 8.5 Hz, H6'), 7.73d (1H, J = 2.2 Hz, H2"), 9.52br
(OH), 12.38br (OH). *C NMR (DMSO-de): & (ppm) 19.02 (C10), 21.74 (C1"),
56.49 (C9), 92.76 (C8), 98.64 (C6), 104.38 (C4a), 105.74 (C10a), 115.27
(C2), 116.20 (C5’), 120.25 (C6'), 122.61 (C1’), 136.56 (C3), 145.71 (C3"),
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147.31 (C2), 148.27 (C4'), 153.44 (C10b), 158.88 (C6a), 159.16 (C5), 176.51
(C4). HRMS, m/z 371.07763 (M* — 1), error 0.9 ppm.

2-(3,4-Dihydroxyphenyl)-3,5-dihydroxy-8-methyl-4H,8H-pyrano-[ 2,3-
f Jchromen-4-one (61). *"H NMR (DMSO-dq): & (ppm) 1.42d (3H, J = 6.6 Hz,
H1"), 3.36br (OH), 5.15m (1H, H8), 5.83dd (1H, J = 3.2 Hz, J = 10.0 Hz,
H9), 6.23s (1H, H6), 6.87dd (1H, J = 1.1 Hz, J = 10.0 Hz, H10), 6.91d (1H, J
= 8.5 Hz, H5"), 7.62dd (1H, J = 2.2 Hz, J = 8.5 Hz, H6"), 7.73d (1H, J = 2.2
Hz, H2"), 9.52br (OH), 12.49br (OH), 12.65br (OH), 12.99br (OH). *C NMR
(DMSO-ds): & (ppm) 21.56 (C1"), 72.88 (C8), 98.83 (C6), 101.63 (C10a),
104.48 (C4a), 115.21 (C2'), 116.00 (C10), 116.25 (C5"), 120.58 (C6"), 122.36
(C1"), 124.55 (C9), 136.61 (C3), 145.68 (C3'), 147.57 (C2), 148.39 (C4"),
150.47 (C10b), 159.24 (C6a), 160.71 (C5), 176.57 (C4). HRMS, m/z
353.0625 (M* — 1), error 4.8 ppm.

2-(3,4-Dihydroxyphenyl)-8-ethyl-3,5-dihydroxy-4H,8H-pyrano-[ 2,3-f
]Jchromen-4-one (62). *H NMR (DMSO-dg): & (ppm) 0.97t (3H, J = 7.3 Hz,
H2"), 1.74qu (2H, J = 7.3 Hz, H1"), 3.36br (OH), 4.98m (1H, H8), 5.83dd
(1H, J =3.4 Hz, J = 10.1 Hz, H9), 6.23s (1H, H6), 6.89dd (1H, J = 1.1 Hz, J
= 10.1 Hz, H10), 6.91d (1H, J = 8.5 Hz, H5'), 7.61dd (1H, J = 2.2 Hz, J =85
Hz, H6), 7.72d (1H, J = 2.2 Hz, H2’), 9.52br (OH), 12.49br (OH), 12.65br
(OH), 12.99br (OH). *C NMR (DMSO-dg): & (ppm) 9.23 (C2"), 28.39 (C1"),
77.49 (C8), 98.75 (C6), 101.69 (C10a), 104.39 (C4a), 115.21 (C2"), 116.24
(C5), 116.40 (C10), 120.59 (C6"), 122.37 (C1"), 123.20 (C9), 136.52 (C3),
145.66 (C3'), 147.39 (C2), 148.35 (C4"), 150.42 (C10b), 159.47 (C6a), 160.69
(C5), 176.52 (C4). HRMS, m/z 367.0810 (M" — 1), error 3.6 ppm.
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4.5.2. Fate of toxicologically relevant carbonyls during thermal heating of

oils in the presence and in the absence of added food.

Oil samples containing acrolein, crotonaldehyde, and (E)-2-pentenal
were submitted to frying in the presence and in the absence of onions and the
contents of these aldehydes were determined by *H NMR in order to compare
the amount of aldehydes remained in the oil after the frying process. Fresh
rapeseed oil spiked with acrolein, crotonaldehyde, and (E)-2-pentenal (2.7
umol/g of oil) was used in this study.

During the frying process, toxicologically relevant aldehydes are
formed as a consequence of oxidation, but short chain aldehydes have a
boiling point lower than the employed frying temperature and are evaporated,
among other processes. Therefore, and independently of the presence or
absence of food, the amounts of aldehydes present in the spiked oil (2.7
umol/g of oil) at the end of the frying process were much reduced. Thus, the
initial amount of aldehyde was lowered by 35% in the case of acrolein, but by
more than 90% in the case of crotonaldehyde and (E)-2-pentenal (Figure 93).
This surprising result (the boiling point of acrolein is lower than that of
crotonaldehyde and (E)-2-pentenal) is likely a consequence of the higher
formation of acrolein by oil oxidation in comparison to the other assayed
aldehydes (Granvogl, 2014).
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Figure 93. Aldehydes recovered from the oil after the frying
process in the absence (striped bars) or in the presence (open
bars) of onions. Bars for each aldehyde having different letters
are significantly (p < 0.05) different. Four samples were
analyzed for each heated oil and each sample was measured
three times. Therefore, the aldehyde content for each analyzed
oil was the mean value of 12 determinations. Abbreviations:
ACR, acrolein; CRO, crotonaldehyde; PEN, (E)-2-pentenal.

When the oil was heated in the presence of onions, only slight
decreases in the aldehyde concentrations were observed compared to the
aldehyde concentrations in the oils heated in the absence of onions (Figure

93). However, these decreases were significant (p < 0.05) for acrolein and

CRO

Aldehyde

PEN

crotonaldehyde, but they were not for (E)-2-pentenal.

4.5.3. Formation of aldehyde-phenol adducts in fried onions.

When the oil was heated in the absence of food, the above-described
decrease of aldehydes was mainly a consequence of their evaporation. In fact,
these aldehydes are considered as environmental pollutants and they have

been detected, among others, in the exhaust of kitchens and thermally

182




Results

processed oils (Ewert et al., 2011; Granvogl, 2014; Seaman et al., 2009;
Umano & Shibamoto, 1987; Da Silva & de Paula Pereira, 2008).

However, when a food is present, in addition to aldehyde evaporation,
the absorption of the aldehydes in the food and the reaction of these aldehydes
with food components might also occur. In fact, trace amounts of these
aldehydes have already been found in fried foods (Granvogl, 2014).

When the onions fried in the laboratory were analyzed for detection of
the four adducts previously synthesized, adduct 62 was present in all analyzed
samples (Figure 94). This compound, which is produced in the reaction
between (E)-2-pentenal and quercetin, was unequivocally identified according
to the retention time and HRMS of the corresponding standard. Error was <3
ppm. In addition, some samples showed the presence of compound 56
(produced with acrolein) and/or compound 57 (produced with
crotonaldehyde), which were also identified analogously on the basis of
retention times and HRMS. Thus, the sample shown in Figure 94 exhibited
trace amounts of compound 57, but not of compounds 56 or 61. Compounds
56 and 57 were present to a much lower extent than compound 62. Compound

61 was not detected in any of the analyzed samples.
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Figure 94. Trace chromatograms obtained by LC-HRMS of (A)
a mixture of the four carbonyl-phenol adducts prepared in this
study, and (B-E) the extract of an onion sample fried in the
laboratory. The traces correspond to the exact masses (M* — 1)
of (B) compound 56; (C) compound 57; (D) compound 61; and
(E) compound 62.

4.5.4. Identification of aldehyde-phenol adducts in commercially crispy

fried onions.

Differently from the frying carried out in the laboratory, in which
nonoxidized oils spiked with selected aldehydes were used and these oils were
only heated for 9 min before adding the onions, the history of the oils
employed as well as the process followed in the preparation of the

commercially crispy fried onions is unknown. But in this case, all available
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aldehydes, which were able to react with onion phenols, must originate from
the frying oil. Interestingly, several carbonyl-quercetin adducts were present
in the analyzed samples (see, for example, Figure 95). For commercially
crispy fried onions, compound 56 was the main adduct detected, followed by
compound 62. As can be observed in the figure, only trace amounts of
compound 57 could be found and compound 61 was absent in the different
assayed samples. These compounds were identified on the basis of their
retention times and HRMS determined for the obtained standards. Errors were
always <5 ppm.
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Figure 95. Trace chromatograms obtained by LC-HRMS of (A)
a mixture of the four carbonyl-phenol adducts prepared in this
study, and (B-E) the extract of a commercial crispy fried onion
sample. The traces correspond to the exact masses (M* — 1) of
(B) compound 56; (C) compound 57; (D) compound 61; and (E)
compound 62.
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5. DISCUSSION
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As discussed in the Introduction section, phenolics are able to chelate
metal ions avoiding in this way the formation of free radicals. In addition,
they are able to scavenge free radicals, inhibit the propagation of the free
radical chain, and avoid the formation of a wide range of LOPs. Furthermore,
the results obtained in this thesis confirm that phenolics have an additional
protective role by inhibiting of the broadcasting of the lipid oxidative damage
to other food macromolecules: they trap the reactive carbonyls produced in
the lipid oxidative pathway. This trapping was observed for all assayed LOPs,
but reactivities and structures of formed adducts depended on the involved

reactive carbonyls.

5.1. The phenolic trapping of alkanals.

The carbonyl-phenol adducts formed in the reaction between
phenolics and alkanals involve one phenolic carbon and the carbonyl carbon
of the aldehyde. A reaction pathway that explains the formation of these

compounds is collected in Figure 96.
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Figure 96. Proposed reaction pathway for the reaction between alkanals and phenolic compounds. The assayed phenolic
compounds were: resorcinol (R’ = H and R’ = H), 2-methylresorcinol (R’ = CHz and R’’ = H), 2,5-dimethylresorcinol (R’
= CHz and R’ = CH3) and orcinol (R’ = H and R’’ = CH3). The assayed alkanals were: propanal (R = CHj3), butanal (R =
CH,CHg), pentanal (R = CH,CH,CH;), and hexanal (R = CH,CH,CH,CH3). The alkanals 2-methylpropanal, 2-
methylbutanal, and 3-methylbutanal were also used to study the effect of aldehyde branching on the formation of carbonyl-
phenol adducts. Compounds having the structures of compounds 66, 69, 70, 71, 72, 73 and 74 have been isolated and
characterized in alkanal/phenolic reaction mixtures.
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As described in the section 4.1.1, compounds 2, 3, 4, and 5 (the
analogues of compounds 72, 71, 69, and 73, respectively, in Figure 96) were
isolated and characterized in the reaction between pentanal and 2-
methylresorcinol. On the other hand, the analogue of acetate of compound 74
was not detected under the employed conditions. Nevertheless, compound 19
(Figure 42 in section 4.1.1), which is the analogue of compound 74 when
propanal is involved, was isolated in the reaction between 2-methyl-2-
pentenal and resorcinol. The reason for the not appearance of the analogue of
compound 74 in the reaction between pentanal and 2-methylresorcinol may be
related to the instability of compound 74. Thus, previous studies have
suggested that adducts similar to compound 74 are more unstable than adducts
similar to compound 67, and disappear upon prolonged heating (Hidalgo &
Zamora, 2014).

As shown in Figure 96, under the reaction conditions employed,
saturated aldehydes can either react with methanol to produce the
corresponding hemiacetal 63 or suffer an aldol condensation to produce the
corresponding 2-alkenal 64. Both compounds 63 and 64 react then with the
phenolic compound.

In the case of the hemiacetal 63, this reaction can be produced with
the exit of either methanol or water. If the exit of methanol is produced, the
carbonyl-phenol adduct 65 is formed. The presence of a hydroxyl group in
this adduct makes possible its dehydration to produce the corresponding olefin
70. After acetylation, adduct 70 produces compound 71 (this adduct
corresponds to compound 3 isolated in the reaction of pentanal with 2-
methylresorcinol), and adduct 65 forms compound 69 (this adduct
corresponds to compound 4 isolated in the reaction of pentanal with 2-
methylresorcinol). If the attack of the phenolic compound produces the exit of
water, the carbonyl-phenol adduct 66 will have a methoxy group and, after
acetylation, compound 72 (this adduct corresponds to compound 2 isolated in

the reaction of pentanal with 2-methylresorcinol) will be formed. The loss of
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methanol in adduct 66 would also be another route to produce compound 70
in a first step and, after acetylation, compound 71.

The reaction of the product of aldolic condensation 64 with the
phenolic compound is more complex because one of the phenolic carbons
and, also, one of the phenolic hydroxyl groups are involved (Hidalgo &
Zamora, 2014). Compound 73 (this adduct corresponds to compound 5
isolated in the reaction of pentanal with 2-methylresorcinol) is produced by
addition of one phenolic carbon to the carbon-carbon double bond of the
aldolisation product followed by the addition of one phenolic hydroxyl group
to the carbonyl carbon to produce the corresponding hemiacetal 67 and 73
after acetylation. On the other hand, compound 74 is produced by addition of
one phenolic hydroxyl group to the carbon-carbon double bond of the
aldehyde and then addition of one phenolic carbon to the carbonyl carbon to
produce a hydroxyl derivative 68. The dehydration of this compound is the
origin of compound 74. The presence of a carbon-carbon double bond in this
compound increases its susceptibility to further reactions, including
polymerizations, and explains its relative instability (Hidalgo & Zamora,
2014).

Although all these compounds are produced, some carbonyl-phenol
adducts are produced to a higher extent than others depending on the structure
of the reactants and the reaction conditions. In addition, some of the reaction
products are more stable than others. Thus, when reactions involving different
saturated aldehydes and phenolic compounds were carried out in order to
synthesize and characterize saturated aldehyde-phenol adducts, only major
reaction products were isolated and characterized.

As shown in section 4.1.1, when resorcinol was involved most
reactions occurred at the C4 of the phenolic compound, and only when using
pentanal, the corresponding adduct at C2 could be isolated and characterized
(compound 8 in Figure 42). In addition, all adducts involving C4 were similar
and corresponded to the methoxylated adduct (the analogue of compound 66

in Figure 96). Neither the corresponding hydroxylated derivative (the
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analogue of compound 65 in Figure 96) nor the olefin (the analogue of
compound 70 in Figure 96) could be isolated. On the contrary, the adduct at
C2 was the hydroxylated adduct (the analogue of compound 65 in Figure 96),
and neither the methoxylated adduct (the analogue of compound 66 in Figure
96) nor the olefin (the analogue of compound 70 in Figure 96) could be
isolated.

When 2-methylresorcinol was involved, the methoxylated adduct (the
analogue of compound 66 in Figure 96) was also the compound isolated in all
assayed reactions with the exception of its reaction with hexanal. In addition,
when using this phenolic compound, two olefins (the analogue of compound
70 in Figure 96) were also produced to a significant extent: those
corresponding to the reactions with pentanal and hexanal (compounds 13 and
16 in Figure 42, respectively). On the other hand, the hydroxylated derivative
(the analogue of compound 65 in Figure 96) could not be isolated in any
reaction.

All of these reactions always implied the formation of a new chiral
center and the corresponding racemic mixture was produced. Therefore, when
the aldehyde had a chiral center, as in the case of 2-methylbutanal, the formed
adduct had two chiral centers and 2 pairs of diastereomers were produced
(compounds 9a, 9b and 14a, 14b in Figure 42, that are the analogues of
compound 66 in Figure 96).

In general, above described results showed that alkanals reacted
similarly with phenolic compounds and the preferred adduct was formed at
position C4 of the phenol ring. This is likely a consequence of being C4 the
carbon atom of the phenolic compound with the lowest steric hindrance
among those with a high nucleophilicity in the phenolic ring.

Glyoxal is a dialdehyde, but it reacts similarly to other saturated
aldehydes and the addition of the phenolic C4 to one of the carbonyl carbons
was produced to form compounds 17 and 18 (Figure 42). However, different
from most suggested structures in many previous studies between phenolics

and glyoxal, the structure determined by NMR indicated that the carbonyl
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group was conjugated with the aromatic ring and the adduct was a primary
alcohol. The formation of this product implies that an isomerization was
produced. This isomerization also made difficult the addition of a second
molecule of phenol to the carbonyl compound. For that reason, adducts
involving two molecules of phenolics and one of glyoxal were not isolated.

The wide variety of carbonyl-phenol adducts isolated when alkanals
were involved allowed to study the SAR of both phenolics and aldehydes for
this reaction. Thus, in relation to resorcinol, this had a lower reactivity than
other phenolics (section 4.1.2). On the other hand, orcinol produced carbonyl-
phenol adducts to the highest extent. These results are likely a consequence of
the electronic and steric effects of methyl groups in the phenolic compound.
Thus, the introduction of a methyl group at C2 activates the phenolic ring and,
for that reason, 2-methylresorcinol was more reactive than resorcinol. When a
new methyl group was introduced at position 5 of the aromatic ring, the
phenolic ring should be further activated but this group also introduced a
steric hindrance. For that reason, reaction yields for 2-methylresorcinol and
2,5-dimethylresorcinol were very similar. However, when the methyl group at
C2 was eliminated, as occurred in orcinol, the yield increased because the
electronic effects of methyl groups are higher at ortho and para positions than
at meta position (Wright et al., 2001).

The effect of the aldehyde chain length was also studied. As observed
in Figure 43, and independently of the assayed phenol, the formation of
carbonyl-phenol adducts mostly followed the same order: propanal < butanal
< pentanal ~ hexanal. This behavior is likely related to the high reactivity of
shorter aldehydes that produced the formation of aldol products under the
employed reaction conditions. As described above, these aldol products were
later involved in the formation of carbonyl-phenol adducts as shown in
Figure 96.

The existence of branchings in the aldehyde also played a role in the
formation of carbonyl-phenol adducts. Thus, the presence of a methyl group

at position 2 of the aldehyde always decreased the formation of carbonyl-
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phenol adducts as a consequence of the steric hindrance introduced by this
group (see section 4.1.2). This effect was not observed when the methyl group
was present at the carbon 3 of the aldehyde.

All these results showed that these alkanals were trapped by
phenolics, but this trapping depended on the electronic effects and steric
hindrances of aldehydes and phenolics. In particular, to expect a high
trapping, the nucleophilicity of the phenolic carbons should be high and the
presence of groups that contribute to an increase of this nucleophilicity will
increase the carbonyl trapping. On the other hand, any group that increase the
steric hindrance of these positions without affecting nucleophilicity, will
inhibit the reaction. The steric hindrance in the aldehyde also plays a major
role. Thus, the presence of a branching at C2 of the aldehyde will make more

difficult the formation of the corresponding carbonyl-phenol adducts.

5.2. The phenolic trapping of epoxyalkenals.

Analogously to alkanals, epoxyalkenals are also trapped by phenolics.
In fact, this reaction is very fast as described previously (Hidalgo et al., 2017).

The reaction is complex because the adducts produced in a first step
still have reactive groups that promote further reactions, included
polymerizations. Therefore, the stabilization of these first adducts was
required previously to their isolation and characterization. The carbonyl-
phenol adducts produced in this first step between epoxyalkenals and
phenolics were 1,3a,4,9b-tetrahydro-2H-furo[2,3-c]Jchromene-2,7-diols (27)
and 3,4,4a,9a-tetrahydro-1H-pyrano[3,4-b]benzofuran-3,7-diols (28) (Figure
97).

A reaction pathway that explains the formation of these adducts is

proposed in Figure 97.
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Figure 97. Proposed reaction pathway for the reaction between epoxyalkenals and phenolic compounds. The assayed
epoxyalkenals and phenolic compounds were: 2-methylresorcinol (R = CH; and R’ = H), 2,5-dimethylresorcinol (R = CH;
and R’ = CHy), 4,5-epoxy-2-hexenal (R’ = CHy), 4,5-epoxy-2-heptenal (R’’ = CH,CHg), and 4,5-epoxy-2-decenal (R’ =
CH,CH,CH,CH,CHj5). Compounds having the structures of compounds 79 and 81 have been isolated and characterized in

4,5-epoxy-2-alkenal/phenolic reaction mixtures.
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The reaction is initiated by the opening of the epoxide ring of the
aldehyde by one of the hydroxyl groups of the phenol. Two different
compounds (75 and 76) are produced by addition of the phenolic to any of the
two carbons of the epoxide. Because of the disposition of the groups in the
phenol, the aromatic carbon at the a-position of the hydroxyl group that has
reacted with the epoxide has a high nucleophilicity and it is added to the
carbon-carbon double bond of compound 75 or 76. Adducts 75 and 76 are
o, B-unsaturated carbonyl compounds. Therefore, the addition of the aromatic
carbon to the carbon-carbon double bond occurs at the B-carbon. The result is
the formation of a six-membered ring in compound 77 when starting from
compound 75, and a five-membered ring in compound 78 when starting from
compound 76. Both adducts still have a carbonyl group and a hydroxyl group
to an adequate distance to produce a cyclic hemiacetal. Therefore, the
predominant forms of these adducts are 1,3a,4,9b-tetrahydro-2H-furo[2,3-
c]chromene-2,7-diol (27) and 3,4,4a,9a-tetrahydro-1H-pyrano[3,4-
blbenzofuran-3,7-diol (28) when starting from adducts 77 and 78,
respectively. Upon acetylation under soft conditions, compound 27 only
suffers the acetylation of the phenolic hydroxyl group to produce adduct 79
(this adduct corresponds to compounds 20a, 20b, and 22 isolated in the
reactions of 4,5-epoxy-2-heptenal and 4,5-epoxy-2-decenal with 2-
methylresorcinol and 2,5-dimethylresorcinol). However, the hydroxyl group
of the six-membered ring of the hemiacetal 28 is acetylated at the same time
that the phenolic hydroxyl group to produce adduct 81 (this adduct
corresponds to compounds 24-26 isolated in the reactions of 4,5-epoxy-2-
heptenal and 4,5-epoxy-2-hexenal with 2-methylresorcinol and 2,5-
dimethylresorcinol). When the acetylated compound 79 (compounds 20a, 20b
and 22) was submitted to GC-MS, the hemiacetal ring was opened and a
dehydration was produced to form the corresponding 4-(2-oxoethyl)-2H-
chromen-7-yl acetate (adduct 80), which were the adducts observed by GC-
MS (compounds 21 and 23). On the other hand, adduct 81 was completely
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acetylated and was not transformed when studied by GC-MS (compounds 24-
26).

Although only two adducts were formed in the first steps of this
reaction, the reaction mixtures were quite complex because of the existence of
different isomers (Figure 46). According to the reaction pathway proposed in
Figure 97, the initial epoxyalkenal is a mixture of 4R,5R plus its enantiomer.
These two carbons have different numberings depending on the produced
compounds. Thus, they are 3aR,4R plus its enantiomer if the numbering
compound 27 is employed or 9aR,1R plus its enantiomer if the numbering
compound 28 is used. The opening of the epoxide ring in compounds 75 and
76 implies the inversion of the stereochemistry of the carbon that suffers the
attack of the phenolic hydroxyl group. As a result, compound 75 should be a
mixture of 3aS,4R plus its enantiomer and compound 76 should be a mixture
of 9aR,1S plus its enantiomer. The addition of the phenolic carbon to the
carbon-carbon double bond creates a new chiral center. This means that
compound 77 should be a mixture of 3aS,4R,9bR, 3aS,4R,9bS and their
corresponding enantiomers. Something similar should be happening in
compound 78, which should be a mixture of 1S,4aR,9aR, 1S,4aS,9aR, and
their corresponding enantiomers.

Acetylation does not change the stereochemistry of compound 27, in
which the stereochemistry of C2 is not fixed, and the later dehydration implies
the loss of two chiral centers (C3a and C9b), and the formation of a carbon-
carbon double bond with a fixed stereochemistry because of the six-
membered ring. For that reason, compound 80 has only one chiral center, and
only one dehydrated compound (compound 21) was observed in the gas
chromatogram of Figure 46.

On the other hand, acetylation of compound 28 fixes a new chiral
center (C3). This means that compound 81 should be a mixture of
1S,3R,4aR,9aR, 1S,3S,4aR,9aR, 1S,3R,4aS,9aR, 1S,3S,4aS,9aR, and their
corresponding enantiomers. For that reason, the gas chromatogram of Figure

46 showed the existence of four peaks with the same mass spectra that
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corresponded to compounds 25a, 25b, 25c, and 25d. Obviously, not all
isomers have to be formed to the same extent, and those having less steric
hindrance would be preferred. Thus, compound 25a was the 3,4,4a,9a-
tetrahydro-1H-pyrano[3,4-b]benzofuran-3,7-diol formed to a higher extent in
the reaction between 4,5-epoxy-2-heptenal and 2-methylresorcinol at the
different assayed temperatures (Figure 56).

The presence of hydroxyl and carbonyl groups in compounds 77 and
78 also explain the reactivity of these molecules and, therefore, the difficulty
for their study. Saturated carbonyl compounds have been shown to react with
phenolic compounds (see, for example, Totlani & Peterson, 2005) and also
with amino compounds (Kitryte et al., 2012), but their reactivity is much
reduced in comparison to that of epoxyalkenals (see, for example, Hidalgo et
al., 2010). Therefore, phenolic compounds are able to reduce rapidly the high
reactivity of epoxyalkenals, although the produced adducts still have
functional groups having a potential reactivity with both phenolics and amino
compounds.

Reaction pathway proposed in Figure 97 is also in agreement with the
effects of reaction conditions on adducts formation described in the section
4.2.2. Thus, both epoxyalkenal (Figure 51) and phenol (Figure 52) take part
in the reaction; the basic pH (Figure 50) is needed for the addition of the
aromatic carbon to the carbon-carbon double bond, as observed previously for
2-alkenals (Hidalgo & Zamora, 2014), because of the higher nucleophilicity
of phenolic carbons at these pH values; and reaction times and temperatures
are expected to favor the formation of adducts (Figures 53-58). However,
many steps in Figure 97 are reversible and the relative proportions among

final products will change as a function of reaction conditions.
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5.3. The phenolic trapping of oxoalkenals.

Analogously to alkanals and epoxyalkenals, phenolics also trap
oxoalkenals. In addition, this is also a complex reaction and different adducts
were produced to different extents that depended on reaction conditions. As
described in section 4.3, three different carbonyl-phenol adducts were
produced: benzofuran-6-ols (40), 2,3,3a,8a-tetrahydrofuro[2,3-b]benzofuran-
2,6-diols (41), and chromane-2,7-diols (42) (Figure 98).

These adducts, which were produced in a first step, resulted unstable
because of the presence of reactive groups in their structures. Therefore, they
had to be stabilized, by either acetylation or reduction, previously to their
isolation and characterization. A reaction pathway that explains the formation
of these adducts is shown in Figure 98.

The reaction between oxoalkenals and phenolic compounds occurs
similarly to the previously described reaction between 2-alkenals and phenolic
compounds (Hidalgo & Zamora, 2014). Thus, both one hydroxyl group and its
contiguous carbon in the phenolic compound (the carbon at the a-position in
relation to the hydroxyl group) are involved, and the produced reaction is an
addition of these nucleophilic groups to the carbon-carbon double bond of the
oxoalkenal. Because the oxoalkenal has two carbonyls groups and the
phenolic compound has two nucleophilic groups that can be added to the
aldehyde, four adducts might be expected. Thus, the addition of the hydroxyl
group of the phenol to the position either 2 or 3 of the oxoalkenal would
produce compounds 82 and 83, respectively; and the addition of the phenolic
carbon to the position either 2 or 3 of the oxoalkenal would produce
compounds 84 and 85, respectively. For some reason, the isolated compounds
were only derived from compounds 82 and 85. The other two additions were
either not produced or produced to a much lower extent and the formed

compounds could not be isolated and characterized.
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Figure 98. Proposed reaction pathways for the reaction between 4-oxo-2-alkenals and phenolic compounds. The assayed
oxoalkenals and phenolic compounds were: resorcinol (R = H and R’ = H), 2-methylresorcinol (R = CH; and R’ = H),
fumaraldehyde (R’’ = H), 4-0x0-2-hexenal (R’’ = CH,CHj3), and 4-oxo-2-nonenal (R’’ = CH,CH,CH,CH,CHj3). Compounds
having the structures of compounds 40, 41 and 42 have been isolated and characterized in 4-oxo-2-alkenal/phenolic reaction
mixtures.
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Once the first addition was produced, the next step was the reaction of
the unreacted nucleophilic group of the phenolic compound with the carbonyl
compound that now is a saturated carbonyl compound and reacts like these
compounds. Thus, for example, the aromatic carbon in compound 82 is added
to the aldehyde group to produce the corresponding 2,3-dihydrobenzofuran-
3,6-diol (86). This compound, which could be isolated in the reaction between
2-methylresorcinol and fumaraldehyde (compound 38), suffers then a
dehydration which is the origin of the different benzofuran-6-ols (adduct 40)
isolated in this study (compounds 29, 32, 35, 36, 37, and 39 produced in the
reactions of 4-oxo-2-hexenal, 4-oxo-2-nonenal and fumaraldehyde with
resorcinol and 2-methylresorcinol).

Alternatively, the aromatic carbon in compound 82 might also be
added to the ketone group to produce in a first step the corresponding 4,7-
dihydroxychromane-2-carbaldehyde (87) and then, after dehydration, the
corresponding 7-hydroxy-2H-chromene-2-carbaldehyde (88). None of these
compounds could be detected. The reason might be both the lower reactivity
of the ketone group, and therefore the attack of the aromatic carbon to this
carbonyl carbon is not favored, and the instability of the produced compound
having both an aldehyde and a phenolic group that can suffer later reactions.

The formation of the other products isolated and characterized are
likely derived from adduct 85. In this adduct, the phenolic hydroxyl group,
which was not involved in its formation, can be added to either the aldehyde
or the ketone group. The addition to the aldehyde group would produce the
chromane-2,7-diol (42), which has been isolated and characterized
(compounds 31a, 31b, 34a, and 34b isolated from the reactions of 4-oxo-2-
hexenal and 4-oxo-2-nonenal with 2-methylresorcinol). On the other hand, the
addition to the ketone group would produce the hemiacetal 89 in a first step
and, then, after addition to the aldehyde group, the 2,3,3a,8a-
tetrahydrofuro[2,3-b]benzofuran-2,6-diol (41). This compound has also be
isolated and characterized (compounds 30a, 30b, 33a, and 33b isolated from

the reactions of 4-oxo-2-hexenal and 4-oxo-2-nonenal with 2-
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methylresorcinol). In fact, this adduct seems to be the main adduct produced
under most assayed reaction conditions.

This proposed reaction pathway is also in agreement with the reaction
conditions required for the formation of the adducts, which were described in
section 4.3.2. Thus, the reaction mainly took place at neutral or slightly basic
pH values because of the higher nucleophilicity of phenolic carbons at these
pH values (Figure 62), although significant amounts of adducts could be
found in the whole range of studied pH values (between 5 and 9). In addition,
the concentration of the formed adducts depended on the concentration of
both aldehyde and phenolic compound (Figure 63-64). Furthermore, they
were only partially stable because of the presence of free carbonyl groups.
Therefore, they disappeared when elevated heating temperatures or prolonged
heating times were assayed (Figure 65-69).

These free reactive groups were present in all adducts and they had to
be blocked to avoid further reactions. Thus, the benzofuran-6-ols had a
carbonyl group in the chain at position C2’. This carbonyl group was
converted into a hydroxyl group in compounds 35-39 after reduction. In
addition, compounds 30a, 30b, 33a, and 33b were 2,3,33,8a-
tetrahydrofuro[2,3-b]benzofuran-2,6-diols with a carbonyl group in a
hemiacetalic form, and compounds 31a, 31b, 34a, and 34b were chromane-

2,7-diols also having a carbonyl group in a hemiacetalic form.

5.4. Lipid-derived aldehyde degradation under thermal conditions.

As described in previous sections, carbonyl-phenol reactions are very
complex because different adducts are produced and many of them are only
intermediate in further polymerizations reactions. Furthermore, reactions are
complicated because of the formation of new chiral centers and therefore,
production of complex mixtures of diastereomers. Moreover, some carbonyls

produced in the course of lipid oxidation are labile, can be decomposed, and
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the aldehydes produced are also able to react with phenolics producing more
carbonyl-phenol adducts.

The studies carried out in this thesis also allow to understand some of
the decomposition reactions suffered by lipid-derived reactive carbonyls.
Thus, aldehydes were shown to be relatively stable in the absence of buffer
and oxygen, but when aqueous solutions were employed, a rapid
decomposition was observed. This decomposition was similar for 2-alkenals
and 2,4-alkadienals and always produced shorter aldehydes, among other
compounds. The aldehydes produced were formaldehyde, acetaldehyde and
the corresponding carbonyl compounds produced as a consequence of the
breakage of the carbon-carbon double bonds present in the molecule. Thus,
because 2-alkenals only have one carbon-carbon double bond, the products
formed were alkanals and glyoxal. The reaction was more complex for 2,4-
alkadienals because these compounds have two carbon-carbon double bonds.
The breakage of the double bond between C2 and C3 produced 2-alkenals and
glyoxal, and the breakage of the double bond between C4 and C5 produced
alkanals and fumaraldehyde.

As shown in sections from 4.4.2 to 4.4.5, the E, for the breakage of
the different carbon-carbon double bonds was always very similar and was
about 25 kJ/mol. However, alkanals were produced to a much higher extent
than 2-alkenals. Thus, 10-18% of the initial either 2-alkenal or 2,4-alkadienal
was converted into alkanal after 1 h heating at 200 °C and only about 1% of
the initial 2,4-alkadienal was converted into 2-alkenal under the same reaction
conditions. The lower amount of 2-alkenals found during 2,4-alkadienal
degradation in relation to that of alkanals is likely a consequence of the
degradation suffered by 2-alkenals, which also produce alkanals. However,
alkanals were also produced directly from 2,4-alkadienals because
fumaraldehyde was found in these reactions (Figure 70, chromatograms j and

n for 2,4-heptadienal and 2,4-decadienal, respectively).
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5.5. Lipid-derived carbonyls are trapped by phenolics under common

food processing conditions.

Previous reactions produced large amounts of carbonyl-phenol
adducts but, they were carried out under conditions far from those employed
during usual cookery. To fill this gap, a final investigation was carried out to
determine whether these carbonyl-phenol adducts are produced in the course
of cooking and the produced lipid-derived carbonyls are incorporated into
food products in the form of carbonyl-phenol adducts.

When quercetin (a major phenolic compound in onion) reacts with
acrolein, crotonaldehyde, and (E)-2-pentenal (common LOPs produced during
frying), two different kind of carbonyl-phenol adducts (hemiacetals and
conjugated olefins) are produced. Some of these carbonyl-phenol adducts
were found to be produced in onions fried in fresh rapeseed oil spiked with
acrolein, crotonaldehyde, and (E)-2-pentenal. Thus, adduct 62 (produced
between quercetin and (E)-2-pentenal) was the major compound produced. In
addition, trace amounts of adducts 56 and 57 (produced with acrolein and
crotonaldehyde, respectively), but not of adduct 61 (a second adduct of
crotonaldehyde), were also detected. The major presence of the adduct
derived from (E)-2-pentenal in comparison to that derived from acrolein and
crotonaldehyde might be a consequence of both the higher boiling point of
(E)-2-pentenal and its lower reactivity. Thus, oils were heated for 9 min
before adding the onions, and the aldehydes with a lower boiling point were
evaporated more easily than aldehydes with a higher boiling point. In
addition, the higher reactivity of acrolein and crotonaldehyde might lead to
their faster reaction with other food components than with food phenols.

In contrast, compound 56 (the adduct formed with acrolein) was the
major adduct present in commercially crispy fried onions. Compound 62 (the
adduct formed with (E)-2-pentenal) was also present to a lower extent, and
trace amounts of compound 57 (the adduct with crotonaldehyde), but not of

compound 61 (the second adduct with crotonaldehyde), were also detected.
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The difference in the amounts of adduct 56 found between the onions
fried in the laboratory (only present in trace amounts in some samples) and
those found in commercially crispy fried onions (the main carbonyl-phenol
adduct) might be a consequence of the quality of the employed oils. In the
laboratory, fresh nonoxidized oil was used (although spiked with a small
amount of acrolein) and most acrolein was likely evaporated during oil
heating before adding the onions. On the other hand, the oil employed for
preparing the commercially crispy fried onions was likely more oxidized and
acrolein was produced at the same time that the onions were fried.

5.6. Lipid-derived carbonyl trapping, an additional protective mechanism

of food phenolics.

The results obtained in this thesis show the complexity of carbonyl-
phenol reactions and explain why these reactions are still poorly understood.
However, these results can contribute to a better understanding of these
reactions. Thus, for saturated aldehydes or alkanals, only the addition of
phenolic carbons to the carbonyl carbon has been described (Shao et al.,
2008), and the results described in section 4.1 confirm such mechanism and
allow to understand why specific aldehydes or phenolics are more prone to
these reactions.

However, the case of alkanals is only an exception and the reaction of
other lipid-derived reactive carbonyls with phenolics always involve an
aromatic carbon and its contiguous hydroxyl group in the phenolic compound,
as well as several functional groups in the LOP. Thus, in the case of 2-
alkenals, the reaction can be initiated by addition of either the phenolic
hydroxyl group or the phenolic carbon to the carbon-carbon double bond of
the aldehyde (Hidalgo & Zamora, 2014). In the case of epoxyalkenals, the
reaction is always initiated by the epoxide-ring opening produced by the
phenolic hydroxyl group and then the later addition of the phenolic carbon to

the carbon-carbon double bond of the initial aldehyde. Finally, for
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oxoalkenals, the produced reaction always involves the carbon-carbon double
bond and one of the carbonyl groups of the aldehyde as well as the phenolic
hydroxyl group and the phenolic carbon. Because oxoalkenals have two
carbonyl groups, the second carbonyl group either remains unreacted in the
produced adduct or is partially stabilized by forming an hemiacetal.

All these results suggest a versatility of phenolic compounds, which
are able to react differently with the diverse carbonyl compounds as a function
of their structure. This provides an additional explanation for the differences
observed in the scavenging of carbonyl compounds by phenolic compounds,
which depends on the structures of both the lipid-derived carbonyl compounds
and the phenolic compounds involved (Hidalgo et al., 2017).

To sum up, although carbonyl-phenol reactions only involve one
aromatic carbon of the phenol when alkanals are implicated, for other LOPs,
these reactions always involve one hydroxyl group and the contiguous
aromatic carbon of the phenolic compound (Hidalgo & Zamora, 2014).
Therefore, these two groups are usually needed for a positive trapping activity
of the phenolic compound. Furthermore, both phenolic hydroxyl group and
phenolic carbon need to have a high nucleophilicity and this is mostly
produced when two hydroxyl groups are at meta position in the aromatic ring
(Salazar et al., 2014). Therefore, the phenolic compounds with the highest
nucleophilicity in these two positions are expected to exhibit the highest
carbonyl-trapping ability.

However, a high nucleophilicity is not the only requisite so that the
formed carbonyl-phenol adducts can be detected. Once formed the adduct, it
will be more or less stable depending on the presence of additional reactive
groups. Thus, alkanals and 2-alkenals produce stable compounds (Hidalgo, &
Zamora, 2014). On the other hand, the most reactive LOPs, such as 4,5-
epoxy-2-alkenals and 4-oxo-2-alkenals, produce unstable compounds because
of the presence of additional reactive groups in the formed adducts. Therefore,
these last adducts are likely involved in further reactions, including

polymerizations.

207



Discussion

In addition, under usual cooking conditions, lipid-derived aldehydes
can suffer decompositions and the formation of additional aldehydes has been
observed, which are also involved in the formation of new carbonyl-phenol
adducts. As an extra difficulty of all these reactions, the formation of chiral
centers is usually produced and the presence of mixtures of diastereomers
should be expected.

For all these reasons, the complex mixtures of LOPs formed in the
course of lipid oxidation in foods are expected to be further complicated in
presence of phenolic compounds, because numerous carbonyl-phenol adducts
are produced, including the formation of polymers. The formation of these
mixtures complicates considerably the detection of the formed adducts.
Nevertheless, the characterization of the carbonyl-phenol adducts carried out
in this and in previous studies points out to the kinds of compounds that
should be searched for in food products. In fact, some of these carbonyl-
phenol adducts have been shown to be common components in processed
foods. As discussed in the previous section, they are produced under usual
cooking conditions and are present in cooked foods. However, the function(s)
they might be playing in foods, in addition to the removal of reactive carbonyl
compounds, remains to be investigated, although they are expected to
contribute to food browning as well as changes in food flavors as a
consequence of a potential selective sequestering of significant flavor
components in processed foods (Kokkinidou & Peterson, 2014; Troise et al.,
2014).

All the obtained results in this thesis suggest an additional protective
role of food polyphenols in the lipid oxidation pathway. Thus, in addition to
their well-known functions as free radical scavengers and chelators, the lipid-
derived reactive carbonyls produced in the course of lipid reaction are
removed by phenolics (Figure 99). This reaction produces in a first step the
addition product of the phenolic compound to the lipid-derived reactive
carbonyl. This addition product suffer then either a rapid stabilization by

protecting its reactive groups, or polymerization.
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First. Phenolic compounds react differently with a wide range of lipid-
derived carbonyl compounds producing the corresponding carbonyl-phenol
adducts.

Second. The formation of carbonyl-phenol adducts depends on the structure
of both the phenolic and the aldehyde involved. In relation to the phenolic
compound, the presence of groups that increase the nucleophilicity of the
phenolic carbons also increases the carbonyl-trapping ability of these
compounds. On the other hand, the presence of groups that increase the steric
hindrance of these positions without affecting nucleophilicity inhibits the
formation of the corresponding carbonyl-phenol adducts. Analogously, the
presence of branching at position 2 of the aldehyde also inhibits the formation

of carbonyl-phenol adducts by steric hindrance.

Third. For alkanals and other saturated aldehydes, the carbon atoms in o-
position to the phenolic hydroxyl groups have a high nucleophilicity and react
with the carbonyl carbon of the aldehyde. In addition, these aldehydes can
also suffer an aldolic condensation to produce the corresponding 2-alkenal,

which is also trapped by phenolics.

Fourth. For epoxyalkenals, the reaction with the phenol is initiated by the
epoxide-ring opening produced by a phenolic hydroxyl group and, then, the
addition of the phenolic carbon to the carbon-carbon double bond of the initial
aldehyde is produced. Finally, the aldehyde group is stabilized as a

hemiacetal.

Fifth. For oxoalkenals, addition of either one of the phenolic hydroxyl groups
or its carbon at a-position to the carbon-carbon double bond of the oxoalkenal
is produced. The adduct is then stabilized by involving one of the carbonyl

groups of the aldehyde, although the other carbonyl group remains free or is
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stabilized as a hemiacetal when the spatial distribution of the reactive groups

allows this additional reaction.

Sixth. The formation of carbonyl-phenol adducts reduces the reactivity of
lipid-derived carbonyls by blocking their most reactive functional groups.
However, some of these groups can remain in the first adducts produced, such
as in epoxyalkenals and oxoalkenals. The adducts produced with these
aldehydes are unstable and suffer further reactions, including polymerizations.

Seventh. Reaction conditions play a major role in carbonyl-phenol adduct
formation. Thus, these reactions are mostly produced at neutral or slightly
basic pH values and the formation of adducts increases with time and
temperature. Nevertheless, the decomposition of some carbonyl-phenol

adducts has been observed at high temperature for long reaction times.

Eighth. All these reactions are complicated because unsaturated aldehydes are
decomposed rapidly under thermal conditions and the produced aldehydes can

also be trapped by phenolics producing new carbonyl-phenol adducts.

Ninth. When submitted to heating in the presence of buffer and air, 2-alkenals
are decomposed to yield alkanals and glyoxal, and 2,4-alkadienals are
degraded to produce either 2-alkenals and glyoxal, or alkanals and

fumaraldehyde.

Tenth. The E, for the breakage of the different carbon-carbon double bonds
in unsaturated aldehydes was found to be about 25 kJ/mol and was similar for
both of them. However, alkanals were produced to a much higher extent than

2-alkenals.

Eleventh. The formation of carbonyl-phenol adducts has been shown to occur

during food frying and these adducts have been found in fried foods.
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Twelfth. All these results suggest that carbonyl-trapping by phenolics is a
common protective function of phenolics in addition to their well-known

functions as free radical scavengers or chelators.

Thirteenth. This carbonyl-trapping function seems to be playing a role in the
removal of toxicologically relevant aldehydes produced as a consequence of
lipid oxidation.

Fourteenth. The function(s) of the produced carbonyl-phenol adducts
remain(s) to be investigated, although their contribution to food browning and
flavor changes can be hypothesized as a consequence of both their
involvement in polymerization reactions and the sequestering of significant

flavor components.
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