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Abstract

ABSTRACT

Ascorbic acid is widely used in food as an antioxidant, and has been employed in white
wine in conjunction with sulfur dioxide, originally to reduce the amount of sulfur
dioxide. However, its role as an antioxidant has led to some criticism due to an apparent
pro-oxidant effect when ascorbic acid reaches depletion. One of the main challenges
pertaining to understanding the chemistry of ascorbic acid resides in the fact that its
behaviour has a significant dependence on the degradation conditions, including
temperature, pH, oxygen level, light, metal ions, presence of sugars and amino acids. In
addition, very few studies actually focus on wine or have been performed under winelike conditions and the observations made by previous authors often appear
contradictory due to different reaction parameters employed across studies.

Therefore, in order to gain insights into the ascorbic acid chemistry under wine
conditions, the impact of reaction parameters were first investigated in different model
wine systems with the intention of establishing some principles regarding its behaviour
under wine conditions. Studies were also undertaken to try and identify as many
ascorbic acid degradation products as possible and to establish their impact on phenolic
compounds, such as (+)-catechin, and sulfur dioxide, the other main antioxidant used in
wine. That is, ascorbic acid’s role in oxidation was investigated by looking at its impact
on oxidative processes as well as the implication of its degradation products in such
spoilage reactions.

The experimental conditions used in this thesis, i.e., reaction temperature, ascorbic acid
concentration and model wine system components, were found to impact on the kinetics
viii
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of the degradation of ascorbic acid and on the kinetics of formation of its degradation
products. Importantly, the chemical identity of the degradation compounds was not
affected by the reaction conditions and this allowed further experiments to be performed
at elevated temperatures, often referred to as ‘accelerated ageing’ conditions.

Ascorbic acid enhanced the colouration of phenolic solutions, not through hydrogen
peroxide production, but rather via one of its carbon-based degradation products. The
latter was identified as L-xylosone which was found to form two isomeric addition
products with (+)-catechin. These (+)-catechin-based isomers were determined to be
pigment precursors to the glyoxylic acid-derived xanthylium cations under model wine
conditions. Although not identified in model wine systems itself, L-xylosone was
therefore established as another degradation product of ascorbic acid in wine media, and
was added to the list of compounds able to react with (+)-catechin to form glyoxylic
acid-derived xanthylium cations. Ascorbic acid and sulfur dioxide offered some
protection towards the L-xylosone-derived (+)-catechin isomers while metal ions
enhanced their conversion to the coloured xanthylium cations.

For the first time in a model wine system, additional ascorbic acid degradation products
were identified as 3-hydroxy-2-pyrone, 2-furoic acid and furfural. While 3-hydroxy-2pyrone and 2-furoic acid are most likely formed via a metal-catalysed oxidative
mechanism, furfural is produced under non-oxidative conditions. Decreasing the
temperature increased the stability of 3-hydroxy-2-pyrone and 2-furoic acid, while the
formation of furfural was inhibited.
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None of the ascorbic acid degradation products identified in this thesis was found to be
significant binders of sulfur dioxide. As a result, the overall mole ratio of consumed
sulfur dioxide to ascorbic acid was close to 1:1. However, a slow depletion of ascorbic
acid and/or sulfur dioxide increased the ‘consumed’ mole ratio of sulfur dioxide to
ascorbic acid, suggesting a range of competing reactions able to consume sulfur dioxide
at an overall faster rate. A mole ratio of consumed sulfur dioxide to ascorbic acid of 2:1
was the minimum required to counteract the catalysing effect of metal ions.

The work undertaken in this thesis has provided new light on the chemistry of the
ascorbic acid degradation under wine-like conditions. The advanced knowledge gained
through this thesis has developed a strong basis on which decisions regarding the use of
ascorbic acid, especially in combination with sulfur dioxide, in white wine can be
drawn.
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Chapter I – Chemistry of ascorbic acid used as an anti-oxidant in combination with sulfur dioxide
in white wine

CHAPTER I
CHEMISTRY OF ASCORBIC ACID1
USED AS AN ANTIOXIDANT IN COMBINATION
WITH SULFUR DIOXIDE IN WHITE WINE

Food deterioration during processing or storage can occur via a multitude of reaction
pathways, that are commonly classified into enzymatic and non-enzymatic processes
(Mathew & Parpia, 1971). The impact of such spoilage reactions is often detrimental to
the aroma, flavour and/or colour of food stuffs, and is therefore of major concern to the
industry. In order to preserve food and beverages from spoilage, antioxidants have long
been used, dating back to prehistoric times, and nowadays include synthetic and natural
compounds (Berdahl, Nahas & Barren, 2010).

In white wines, the main antioxidants consist of sulfites (as sulfur dioxide) and ascorbic
acid (Rose, 1993; Sapers, 1993). Both are utilised to prevent oxidative spoilage in white
wine, including detrimental colour development. The latter, often referred to as
‘browning’ in the wine industry (Simpson, 1982; Rankine, 2002) is a quality defect that
can lead to a loss of consumer confidence in a product, potentially influencing a wine
company’s standing in the market place. Therefore, this section will review the
formation of pigments via non-enzymatic processes in white wine, followed by the
properties of sulfur dioxide and ascorbic acid as a way to protect against the colouration
of white wine.

1

Ascorbic acid and all ascorbic acid-derived compounds are in the L-form, e.g. L-ascorbic acid and 2,3diketo-L-gulonic acid, unless otherwise mentioned.
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I.I. COLOUR DEVELOPMENT IN WHITE WINE

Both enzymatic and non-enzymatic processes are known to occur in juice and/or wine
and to result in deterioration of the wine (Sapers, 1993). While juice is mostly subject to
enzymatic spoilage reactions, deterioration of finished wine generally occurs via nonenzymatic processes. The major substrates for these oxidative reactions are
polyphenolic compounds readily available in grapes, and remaining in juice and wine.
This section focuses on the impact of non-enzymatic reactions on the colouration, via
pigment production, in white wine. Emphasis has been placed on flavan-3-ols, as this
particular class of compounds has been correlated with white wine colouration (Rossi &
Singleton, 1966; Simpson, 1982; Cheynier, Rigaud, Souquet, Barillere & Moutounet,
1989).

I.I.1. Origin of polyphenols in white wine

Polyphenols are key compounds of grapes, influencing the colour and the organoleptic
properties of wines. The majority of the polyphenolic compounds are located in the
seeds (~70%) and the skin (~25%) of the grapes, the rest emanating from the pulp and
the stems (Singleton & Esau, 1969; Margalit, 1997). The concentration and nature of
the phenolic compounds depend on the stage of maturity of the grape, the variety as
well as environmental conditions (Zoecklein, Fugelsang, Gump & Nury, 1995; Rankine,
2002). Winemaking practices also impact on the amount present in the final wine. For
example, pressing by mechanical techniques or skin maceration enhances extraction of
polyphenolic compounds (Ough & Amerine, 1988; Zoecklein et al., 1995; Rankine,

2
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2002). Transformations of these molecules by oxidation and polymerisation then occur
during barrel and bottle ageing (Zoecklein et al., 1995).

Polyphenols comprise a wide range of compounds which are classified into two main
groups, namely flavonoids and non-flavonoids. The latter category comprises small
compounds, mostly constituted of hydroxycinnamic acids (e.g. caftaric acid, Figure 1.1)
and hydroxybenzoic acids (e.g. gallic acid, Figure 1.1). While the hydroxybenzoic acids
are present in the free acid forms, the hydroxycinnamates are generally found as esters
in the juice or wine, e.g. caftaric acid, tartrate ester of caffeic acid (Figure 1.1)
(Zoecklein et al., 1995; Ribéreau-Gayon, Glories, Maujean & Dubourdieu, 2000b). On
the other hand, flavonoids are based on the aglycone structure, consisting of a three-ring
system, including two aromatic ring, labelled A and B, linked via a pyran ring, i.e., C
(Figure 1.1). The oxidation state of the C-ring carbons defines the different classes of
the large flavonoid family (Zoecklein et al., 1995). The major flavonoids found in white
wine include monomeric flavan-3-ols, such as catechins (Figures 1.1 and 1.2) and
corresponding dimers, also called condensed tannins, such as procyanidin B1
(Figure 1.1).

As a direct consequence of winemaking practises and grape variety, the total phenol
content of white wines is generally less than 20% of that found in red wines. It is
common practise to express the phenol content of grapes or wines as gallic acid
equivalents (GAE). In white wines, the non-flavonoid fraction ranges from 150 to 250
mg/L GAE, while the flavonoid fraction corresponds to 20-120 mg/L GAE, of which 5100 mg/L GAE can be assigned to catechin monomers (Singleton, Zaya & Trousdale,
1980; Margalit, 1997).

3

Chapter I – Chemistry of ascorbic acid used as an anti-oxidant in combination with sulfur dioxide
in white wine
Skin
Flavonols
Flavanols
Stilbenes
Hydroxycinnamates
Hydroxybenzoates

Catechin unit

OH

OH
HO

B

O

A

C
OH

OH

A

COOH
HO

Gallic acid
O

OH

O

B

O

HO

HO

Pulp
Hydroxycinnamates
Hydroxybenzoates

OH

OH

HO

OH
O

C

Seeds
Flavanols

OH

HO

O
OH

OH

Tartaric moiety

Caffeic moiety

Procyanidin B1

OH

Caftaric acid

Figure 1.1: Distribution of phenolic compounds in the grapes of white varieties.
Adapted from Parker et al. (2007) and reproduced with permission.

Flavan-3-ols, representing the ‘catechin’ family, are the major monomeric flavonoids
found in white wine. They are essentially colourless but can provide slight yellow
colouration with absorbance tailing into the visible region (Ribéreau-Gayon et al.,
2000b). Because of the presence of two chiral centres, i.e., asymmetric carbons, at C2
and C3 positions in the pyran ring, the catechins can exist as four stereoisomers.
However, only the two most stable forms, (+)-catechin and its diastereoisomer, (-)epicatechin (Figure 1.2), are found in grapes and wines (Singleton et al., 1980).
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Figure 1.2: Structures of (+)-catechin (left hand side) and (-)-epicatechin (right hand
side).
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I.I.2. Pigment formation from polyphenols

Wine polyphenolic compounds are the principal substrates for oxidation in wine
(Singleton, 1987; Kilmartin, Zou & Waterhouse, 2001), and of the phenolic compounds,
the flavan-3-ols (Figure 1.2) were determined to be the most correlated with white wine
colouration (Rossi & Singleton, 1966; Simpson, 1982; Cheynier et al., 1989). The
structural difference between (+)-catechin and (-)-epicatechin has been shown to affect
the reactivity of both compounds, and as a consequence, (-)-epicatechin is more
oxidisable than (+)-catechin (Kilmartin et al., 2001; Labrouche, Clark, Prenzler &
Scollary, 2005). However, the experiments in this thesis utilised only (+)-catechin as the
oxidisable substrate and therefore, the following sections will highlight reactions with
(+)-catechin, although the same reactions also take place with (-)-epicatechin (Es-Safi,
Fulcrand, Cheynier & Moutounet, 1999a; Labrouche et al., 2005). The formation of
pigments from flavan-3-ols can occur via two distinctive pathways, consisting of the
‘direct’ oxidation of polyphenols with oxygen and the bridging of two polyphenol
molecules by aldehyde compounds. Both pathways are discussed below.

I.I.2.1. Oxidation of polyphenols

Wine polyphenols containing a 1,2-diphenol group, i.e., ortho-catechol moiety, such as
caftaric acid (Figure 1.1) and (+)-catechin (B ring, Figure 1.2), were found to be the
most easily oxidised phenolic molecules in wine, as was shown by their relatively low
oxidation-reduction potentials in a model wine solution measured by cyclic
voltammetry (Kilmartin et al., 2001). The current peak in cyclic voltammograms for
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common wine polyphenols, such as gallic acid, caffeic acid and (+)-catechin, was
observable at a similar potential (i.e., 0.4 V, vs. Ag/AgCl), as the main current peak for
diluted white wines, which confirmed that such polyphenols are the main initial
substrates in wine oxidation (Kilmartin, Zou & Waterhouse, 2002).

The oxidation of ortho-catechol compounds by molecular oxygen in the presence of
metal ions leads to the formation of the corresponding ortho-quinone forms, along with
hydrogen peroxide (Figure 1.3A). The presence of metal ions is indispensable to allow
reaction of the catechols with molecular oxygen as the reaction is otherwise spin
restricted. Indeed, molecular oxygen is in the triplet state, while catechols are in the
singlet state, which prevents any direct reactions between the two (Singleton, 1987;
Danilewicz, 2003; Waterhouse & Laurie, 2006; Danilewicz, 2007).

The actual mechanism of oxidation is complex and has been the subject of recent review
articles (Danilewicz, 2003; Waterhouse & Laurie, 2006; Karbowiak et al., 2010). The
process is suggested to occur via a redox cycling of metal ions that involves radical
intermediates, including the hydroperoxyl and semiquinone radicals. The latter radical is
sufficiently stable that it persists long enough to react with another semiquinone radical,
resulting in a disproportionation reaction, and leading to the formation of a quinone and
a phenol (Figure 1.3B) (Danilewicz, 2003; Waterhouse & Laurie, 2006).

Wine and model studies have also demonstrated that phenolic oxidation is more rapid
under higher pH conditions (Rossi & Singleton, 1966; Singleton, 1987). In fact,
polyphenol compounds exhibit a pKa around 9-10 (Singleton, 1987; Herrero-Martínez,
Sanmartin, Rosés, Bosch & Ràfols, 2005) and are therefore mostly present as phenolate
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ions at high pH. As opposed to phenolic compounds (see above), phenolate ions have
the ability to react with molecular oxygen via direct electron transfer. Although such a
mechanism is not fully relevant to wine conditions, it is important to note that about
nine times more phenolate ions will be present in a wine at pH 4.0 than at pH 3.0,
consistent with higher pH wines being more susceptible to oxidation (Singleton, 1987).
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Figure 1.3: Oxidation of ortho-catechols into the corresponding ortho-quinone
compounds. A: overall reaction; B: proposed mechanism for the oxidation of phenolic
compounds in wine. Adapted from Danilewicz (2007).

The ortho-quinones formed through the oxidation process are themselves coloured
compounds from red to reddish-brown. They may further react with other polyphenol
compounds and ortho-quinones themselves, as well as amino acids and proteins, leading
to the formation of more intensely coloured polymerised brown pigments (Mathew &
Parpia, 1971; Singleton, 1987; Waterhouse & Laurie, 2006). In the process, often called
coupled oxidation, the ortho-catechol moiety is regenerated, making it available for reoxidation.
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In addition, the oxidation of ortho-catechols into the corresponding ortho-quinones
concurrently produces hydrogen peroxide (Wildenradt & Singleton, 1974; Singleton,
1987). The production of hydrogen peroxide has been found to impact on some of the
main wine constituents, including ethanol and tartaric acid, and subsequently producing
acetaldehyde (Wildenradt & Singleton, 1974) and glyoxylic acid (Fenton, 1894; Clark,
Prenzler & Scollary, 2007), respectively. While acetaldehyde has a major impact on the
wine sensory characteristics (Liu & Pilone, 2000), it can also participate in bridging
reactions with flavan-3-ols, as can glyoxylic acid, and these reactions are discussed in
the following section. The Fenton chemistry by which hydrogen peroxide reacts with
ethanol and tartaric acid will be discussed in more details in Section I.IV.3 of this
Chapter.

I.I.2.2. Bridging reactions of polyphenols

In model white wine, flavan-3-ol compounds have been shown to react with aldehydes
(Timberlake & Bridle, 1976; Fulcrand, Cheynier, Oszmianski & Moutounet, 1997;
Saucier, Guerra, Pianet, Laguerre & Glories, 1997b; Es-Safi et al., 1999b) and in
particular, glyoxylic acid, an oxidation product of tartaric acid. The latter acid is one of
the major organic acids found in grapes and wine (Zoecklein et al., 1995; Rankine,
2002) and can undergo cleavage under oxidative conditions, e.g. in the presence of
hydroxyl radicals (Fenton, 1894) or by the ultraviolet (UV) radiations of sunlight (Clark
& Scollary, 2003; Clark et al., 2007) to yield glyoxylic acid.
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(+)-Catechin and glyoxylic acid can initiate a reaction sequence leading to the formation
of coloured compounds known as xanthylium cations (Es-Safi et al., 1999b; Es-Safi, Le
Guernevé, Cheynier & Moutounet, 2000b; Es-Safi, Le Guernevé, Fulcrand, Cheynier &
Moutounet, 2000c) (Figure 1.4). As a consequence of the reactivity of both the C6 and
C8 carbons on the A-ring of (+)-catechin, a total of six isomers can potentially result
from this bridging reaction with glyoxylic acid, including C8-C8, C8-C6 and C6-C6
linkages (Figure 1.5) (Es-Safi et al., 2000c). However, the C8 carbon has been found to
be more reactive than the C6 carbon, and therefore influence the subsequent proportions
in which each isomer is formed (Fulcrand et al., 1997; Saucier et al., 1997b; Nonier,
Pianet, Laguerre, Vivas & Vivas de Gaulejac, 2006a). The UV-visible spectrum of these
pigments shows an absorbance maximum at 440 nm, which corresponds to a yellow
colour (Es-Safi et al., 1999b).

Figure 1.4: Formation of xanthylium cations from (+)-catechin and glyoxylic acid.
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Other compounds such as glyoxal (Es-Safi, Cheynier & Moutounet, 2003) and
dihydroxyfumaric acid (Clark, 2008) have also been found to form the same xanthylium
cations as those derived from glyoxylic acid after reaction with (+)-catechin (Figure
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1.5). Dihydroxyfumaric acid has been confirmed as an oxidative degradation product of
tartaric acid at wine pH (Clark, 2008), while glyoxal formation from tartaric acid has
only been suggested (Fulcrand et al., 1997). While most studies have been conducted in
model wine systems, the glyoxylic acid-derived xanthylium cations have been observed
in red wine (Es-Safi et al., 2000c) and highly oxidised white wine exposed to sunlight
(Maury, Clark & Scollary, 2010).

Studies in model wine systems have also been performed using furfural and 5hydroxymethylfurfural as the bridging aldehydes (Es-Safi, Cheynier & Moutounet,
2000a; Nonier et al., 2006a; Nonier, Vivas, Vivas de Gaulejac, Pianet & Fouquet,
2007). Both compounds were found to react with (+)-catechin in a similar manner to
that of glyoxylic acid (Figure 1.4) to form furfuryl- and 5-hydroxymethylfurfurylderived coloured xanthylium cations (Es-Safi et al., 2000a; Nonier et al., 2006a; Nonier
et al., 2007). These two aldehydes are particularly relevant to wine as they can be
extracted during oak-barrel maturation of the wine (Nonier et al., 2006b) and are often
used as indicators of the Maillard reaction (Section I.V.3 of this Chapter) caused by
excessive heat during processing or storage of food stuff.

Acetaldehyde has also been found to initiate a similar reaction with (+)-catechin.
However, while the corresponding bridged-dimers, and bridged-higher polymers, have
been identified in model wine solutions, the acetaldehyde-derived xanthylium cations
were not observed (Timberlake & Bridle, 1976; Fulcrand, Doco, Es-Safi, Cheynier &
Moutounet, 1996; Saucier, Bourgeois, Vitry, Roux & Glories, 1997a; Saucier et al.,
1997b).
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Other wine components, such as caffeic acid and metal ions, and reaction parameters,
including temperature and sunlight, have been shown to impact on the oxidative
colouration and the stability of the glyoxylic acid-derived xanthylium cation pigments
(George, Clark, Prenzler & Scollary, 2006; Clark, Pedretti, Prenzler & Scollary, 2008).
These recent studies tend to suggest that xanthylium cations are more likely transitory
species rather than terminal stable pigments.

I.II. USE OF ANTIOXIDANTS IN WHITE WINE

Sulfiting agents, including sulfur dioxide, sodium sulfite, sodium and potassium
bisulfites and metabisulfites, are used due to their multifunctional properties (Rose,
1993; Sapers, 1993). They exhibit antimicrobial activity, preventing growth of bacteria
and some yeasts, antioxidant (i.e., reducing agent) properties as well as a natural ability
to inhibit enzymatic activity in juice caused by polyphenol oxidase (PPO), by
destabilising disulfide bridges (Rose, 1993; Sapers, 1993). Sulfites can react with
intermediates of enzymatic and non-enzymatic processes, therefore preventing further
reactions to form pigments, and this is discussed in more details in Section I.III of this
Chapter. However, sulfites have been associated with headaches and severe allergy-like
reactions in some asthmatics (Freedman, 1980; Taylor, Higley & Bush, 1986), causing
the U. S. Food and Drug Administration (FDA) to limit their use to certain categories of
food products (Food and Drug Administration, 1986, 1990). In 1988, the U. S. FDA
proposed a maximum sulfur dioxide residual level of 300 mg/L in fruit juices (Food and
Drug Administration, 1988).
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These regulations also apply to wine making practices in which sulfites are added as the
potassium metabisulfite salt (K2S2O5), releasing 57.6% of its mass into sulfur dioxide
when added to juice or wine. Currently in Australia, the legal maximum limit in dry
white wine is 250 mg/L sulfur dioxide while sweet white wines are allowed to contain
up to 300 mg/L (Food Standards Australia New Zealand Authority, 2008). Most
countries of course set their own limits for sulfur dioxide. For example, in Europe, the
Commission for the European Communities has set limits at 200 mg/L for dry white
wines and 250-400 mg/L for sweet white wines, depending on the concentration of
residual sugars, alcohol content and/or appellation (Official Journal of the European
Union, 2009). In wine making, sulfur dioxide may be added at harvest, pressing and
after fermentation. Regular measurements of the available amount are performed to
ensure not only sufficient protection of the wine but also to avoid any excess which can
lead to the neutralisation of the wine aroma, the development of an undesirable sulfur
dioxide aroma and flavour and at high concentrations, an irritating burning sensation
(Sapers, 1993). These consequent negative effects as well as a trend to use more natural
products are at the origin the reduction of sulfites as additives in food products.

Ascorbic acid, also known as vitamin C, is probably the best known alternative to
sulfites due to its natural properties and natural occurrence in most fruit and vegetables.
As a consequence, ascorbic acid and its diastereoisomer, erythorbic acid, were approved
by the U. S. government in 1956 and 1958 (Zoecklein et al., 1995) for use in wine and
fruit juice production respectively. No limitation on the concentration of ascorbic acid
to be added to wine appears to have been set in Australia (Food Standards Australia
New Zealand Authority, 2008), although some countries set an upper limit on residual
ascorbic acid in the finished wine, e.g. 250 mg/L in Europe (Official Journal of the
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European Union, 2009). Due to the limited antimicrobial properties of ascorbic acid
compared to those of sulfur dioxide (Ribéreau-Gayon, Dubourdieu, Donèche &
Lonvaud, 2000a), it was recommended that ascorbic acid should only be employed in
combination with sulfur dioxide and not as a replacement.

The ascorbic acid natural content in grapes is relatively low compared to other fruit such
as oranges, ranging from 5 to 150 mg/kg of fruit (Zoecklein et al., 1995) or 10 to 100
mg/L of juice (Rankine, 2002) and is mostly oxidised by the time grapes have been
crushed due to enzymatic oxidation. However, regular additions to the juice or wine
during processing and prior to bottling provide sufficient availability (50-100 mg/L
(Zoecklein et al., 1995; Boulton, Singleton, Bisson & Kunkee, 1996; Ribéreau-Gayon et
al., 2000a; Rankine, 2002)).

The wine chemistry of ascorbic acid will be discussed in more detail in Section I.IV, but
a summary of its action in general terms will be presented at this stage. Compared to
sulfur dioxide, ascorbic acid is a more rapid and effective oxygen scavenger than sulfur
dioxide, preferentially reacting with oxygen and consequently protecting other sensitive
oxidisable wine components, including phenolic and flavour compounds, from
oxidation (Kilmartin et al., 2001; Danilewicz, 2003). It also has the ability to act as a
reducing agent and reduce certain wine compounds that may have undergone oxidation
(Section I.IV of this Chapter). On the other hand, another reason for which ascorbic acid
should not be used alone but in combination with sulfur dioxide is the production of
hydrogen peroxide, which can cleave into the strong oxidising hydroxyl radicals leading
to damageable radical chain reactions. However, in the presence of sulfur dioxide,
hydrogen peroxide is scavenged and sulfuric acid is formed. Additionally, unlike sulfur
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dioxide, ascorbic acid does not react with acetaldehyde, a compound which significantly
affects the organoleptic properties of the wine (Liu & Pilone, 2000).

The benefits of using ascorbic acid and sulfur dioxide in combination have been
described by many (Zoecklein et al., 1995; Rankine, 2002). The purported advantages
have encompassed favourable sensory outcomes to wines, including improved flavour,
taste, clarity and bouquet of the wine (Kielhöfer & Würdig, 1959; Vecher & Loza,
1961a, 1961b; Bauernfeind & Pinkert, 1970) and the possibility of lowering the levels
of sulfur dioxide utilised in wine (Bauernfeind & Pinkert, 1970). However, later
research suggested that these advantages were not always apparent and that, in fact, the
use of ascorbic acid resulted in inferior wines compared to those without the antioxidant
(Marks & Morris, 1993; Peng, Duncan, Pocock & Sefton, 1998). Other studies in nonwine related conditions, have reported a dual antioxidant / pro-oxidant nature for
ascorbic acid. Buettner and Jurkiewicz (1996b) used the phrase of ‘crossover effect’ to
describe the transition of ascorbic acid’s behaviour as an antioxidant at high
concentrations to a pro-oxidant at low concentrations. They proposed that at high
concentrations, ascorbic acid could efficiently scavenge oxygen as well as radical
species, while at low concentrations, it contributed to the propagation of radicals rather
than their inhibition (Section I.IV.3 of this Chapter). Other pro-oxidant mechanisms of
ascorbic acid have been proposed, including that of Yen et al. (2002) who suggested
that at low concentrations, ascorbic acid contributed to the redox cycling of metal ions
and consequently induced oxidative radical formation. A similar crossover effect was
reported by Bradshaw et al. (2003) for the impact of ascorbic acid on the oxidative
colouration of model wine systems.
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Yet, despite the accumulating body of evidence regarding the negative aspects of
ascorbic acid use, a recent study investigating the effects of ascorbic acid during ageing
of bottled Chardonnay and Riesling wines claimed favourable aspects to ascorbic acid
additions, including improved colour and flavour retention (Skouroumounis et al.,
2005).

Many studies have been undertaken on the oxidation of ascorbic acid and the products
generated, although with a large variety of reaction parameters, including variable pH
values and supporting buffers, temperature levels, oxygen/oxidant supply, metal ion
composition and concentrations, sulfur dioxide concentrations as well as the presence of
numerous other constituents (Section I.V of this Chapter). These studies, emphasising
the reactivity dependence on environmental factors, highlight the true complexity of the
ascorbic acid oxidation processes, which appears to be at the origin of such discrepancy
found on the use of ascorbic acid as an antioxidant in wine.

I.III. WINE CHEMISTRY OF SULFUR DIOXIDE

Sulfur dioxide is the universal antimicrobial and antioxidant used for the preservation of
wine. When added to wine, it forms pH dependent equilibria between different
sulfur(IV) forms that include molecular sulfur dioxide (SO2), hydrogen sulfite (HSO3¯)
and sulfite (SO32¯) (Figure 1.6). Of the three forms, only molecular sulfur dioxide
exhibits antimicrobial properties, while all three demonstrate antioxidant activity. At a
typical white wine pH of 3.20, molecular sulfur dioxide represents only 4% of the
sulfur(IV) forms, while hydrogen sulfite accounts for the remaining 96%, and sulfite is
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only a very minor component at this pH. Generally, each of these equilibrium forms is
referred to as ‘sulfur dioxide’ to denote whichever species are present at a certain pH.
Unless specified, this generic term will be used throughout this thesis.

Figure 1.6: Distribution of sulfur(IV) forms depending on the pH. Reproduced with
permission from Ben Rotter (2001-2009).

Sulfur dioxide is generally efficient in its protective role provided its concentration
remains sufficiently high in the wine, as measured by its free form: that is, sulfur
dioxide that is not bound in the form of addition products to aldehydes or ketones. In
bottled white wines (pH 3.0-3.2), a concentration of 10 mg/L free sulfur dioxide is
generally considered as a critical level before the onset of undesirable characters
(Rankine, 2002; O'Brien, Colby & Nygaard, 2009).

Sulfur dioxide acts as an antioxidant by scavenging oxidation products arising from the
metal-catalysed oxidation of phenolic compounds (Section I.I.2.1 of this Chapter). In
fact, sulfur dioxide is able to react with both hydrogen peroxide (McArdle & Hoffmann,
1983) (Figure 1.7A) and ortho-quinone compounds (Danilewicz, Seccombe & Whelan,

17

Chapter I – Chemistry of ascorbic acid used as an anti-oxidant in combination with sulfur dioxide
in white wine

2008; Makhotkina & Kilmartin, 2009; Danilewicz & Wallbridge, 2010) (Figure 1.7B),
which could otherwise be detrimental to the quality of white wine.
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Figure 1.7: Antioxidant roles of sulfur dioxide in wine. A: reaction with hydrogen
peroxide; B: reactions with ortho-quinone. Adapted from Danilewicz (2008).

Recent studies by Danilewicz et al. (2008) measured a mole ratio of sulfur dioxide to
oxygen consumption of 2:1, which is consistent with the stoichiometry outlined in
Figure 1.7. That is, as one mole of molecular oxygen reacts with one mole of orthocatechol (Figure 1.3), one mole of ortho-quinone is produced along with one mole of
hydrogen peroxide, both reacting with sulfur dioxide (Figure 1.7). Interestingly,
addition of sulfur dioxide to a model wine system was found to increase the oxygen
consumption and this was attributed to the increased rate of ortho-catechol oxidation
upon removal of the ortho-quinone by sulfur dioxide (Figure 1.7B) (Danilewicz et al.,
2008; Danilewicz & Wallbridge, 2010).
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Table 1.1: Dissociation constants for a variety of sulfur dioxide addition products.
Carbonyl compound

pH
O

Methylglyoxal

H 3C

0.7-7.0

CHO

Glyoxylic acid

HO2C CHO

0.7-2.9

Acetaldehyde
Glyoxal

H3C CHO

3.0
0.7-3.3

OHC CHO
O

Pyruvic acid
Xylosone*

H3 C

CO2 H

HO H O
HOH2C

CHO

Dissociation Constant (M-1)
1.2 x 10-9 for mono-anion addition product [1]
1.8 x 10-5 for di-anion addition product [1]
1.4 x 10-8 for mono-anion addition product [2]
1.9 x 10-6 for di-anion addition product [2]
1.5 x 10-6 [3]
3.6 x 10-5 for mono-bisulfite addition product [4]
6.9 x 10-5 for di-bisulfite addition product [4]

% of total carbonyl not bound at
25 mg/L free sulfur dioxide
<< 0.1 to 2.2
<< 0.1 to 0.6
0.5
10 to 18

3.0

1.4 x 10-4 [3]

31

3.0

1.4 x 10-4 [3]

31

3.6
~7.0

2.8 x 10-4 [5]
8.4 x 10-4 [6]

48
73

3.0

4.5 x 10-4 [3]

59

3.0

4.9 x 10-4 [3]

61

4.0

5.7 x 10-4 [7]

65

3.0

1.6 x 10-2 [3]

98

3.8

6.9 x 10-1 [8]

99.96

H OH

Furfural
2,5-Diketogluconic acid*

O

CHO

O H HO O
HOH2 C

CO2 H
OH H

2-Ketoglutaric acid*

H H O
HO2C

CO2 H
H H

Dehydroascorbic acid

OH
O

HO

O
O

Galacturonic acid*

O

H HO HO H
HO2 C

CHO
OH H H OH
H H HO H

Glucose*
HOH2 C

CHO
HO HO H OH

[1] (Betterton & Hoffmann, 1987), [2] (Olson & Hoffmann, 1988a), [3] (Burroughs & Sparks, 1973), [4] (Olson & Hoffmann, 1988b), [5] (Makarov, Sarur & Budanov, 1997), [6] (Harris &
Zoch, 1962), [7] (Wedzicha, 1984), [8] (Würdig & Woller, 1989).
* Although these compounds are shown in acyclic forms they are all in equilibrium with cyclic forms.
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Sulfur dioxide is also known to bind to carbonyl species (Table 1.1), some of which
may exhibit undesirable sensory properties. These compounds may have originated in
the grapes, be formed during the fermentation process, extracted during maturation in
oak barrels (e.g. furfural) or generated as a result of wine oxidation (e.g. acetaldehyde
from ethanol). Depending on the carbonyl compound, the equilibrium established
between the free species and the addition product either lies towards the free species if
the carbonyl is a weak binder, or the addition product if it is a strong binder. In the latter
case, less free sulfur dioxide remains in solution, which can be detrimental to further
protection of the wine.

I.IV. WINE CHEMISTRY OF ASCORBIC ACID

As will be evident from the forthcoming portions of this thesis, ascorbic acid (Figure
1.8), despite its apparent simplicity, has a variety of modes of reactivity. Originally,
ascorbic acid was described as a ‘hexauronic acid’, although later studies in the 1930s
showed that ascorbic acid was a new type of a hexauronic lactone (Figure 1.8) (Ball,
1998). Ascorbic acid contains the enediol functionality (i.e., C3 and C4, Figure 1.8),
which is critical for both its role as an antioxidant, and its ability to behave as an acid.

HO

H
6S

HO
7

1

O
4

HO

Figure 1.8: Structure of ascorbic acid.
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With regards to acidity, the deprotonation of ascorbic acid occurs primarily via the C4
hydroxyl group, with a pKa value of 4.25 (Buettner & Jurkiewicz, 1996b), while the C3
hydroxyl group is only weakly acidic (pKa = 11.8 (Buettner & Jurkiewicz, 1996b)).
Hence, under white wine conditions, ascorbic acid will exist predominantly in the nonionised form. In fact, at pH 3.2, only 5% of ascorbic acid will exist in the mono-anionic
form, and even if the pH is raised to pH 3.5, which is relatively high for white wine
conditions, the mono-anionic form will only contribute 15% of the total ascorbic acid.

As already discussed in Section I.II of this Chapter, ascorbic acid is utilised in white
wine due to its known ability to efficiently scavenge molecular oxygen (Figure 1.9A).
In this role, ascorbic acid is far superior to sulfur dioxide and phenolic compounds
(Kilmartin et al., 2001; Danilewicz et al., 2008). On the other hand, if phenolic
compounds are oxidised, ascorbic acid has been claimed to have the capacity to reduce
them back to their original state (Figure 1.9B) (Mathew & Parpia, 1971; Boulton et al.,
1996; Danilewicz, 2003).

However, studies in grape juice or wine do not generally make a distinction between
ascorbic acid’s propensity in scavenging oxygen and reduction of quinone products.
There appears to be no direct evidence of such quinone reduction by ascorbic acid in
real wine system as a cyclic voltammetric study by Makhotkina and Kilmartin (2009)
did not detect any voltammetric signals indicating reduction of wine ortho-quinone
compounds by ascorbic acid. Conversely, such reduction process has been observed in
several aqueous (i.e., pH 4, (+)-catechin (Rouet-Mayer, Ralambosoa & Philippon,
1990)) and ‘non-wine’ systems (i.e., p-benzoquinone, 1,2-naphthoquinone (Isaacs &
van Eldik, 1997)). The latter study demonstrated that the rates of quinone reduction by

21

Chapter I – Chemistry of ascorbic acid used as an anti-oxidant in combination with sulfur dioxide
in white wine

ascorbic acid slowed with increasing methanol and decreasing pH (i.e., pH 4.8 versus
3.0) (Isaacs & van Eldik, 1997). These observations therefore underscore the need for a
re-examination of the chemistry of ascorbic acid under wine conditions.

a

ascorbic acid

dehydroascorbic acid

OH

A

OH

O

HO

O
HO

OH

O
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OH
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Figure 1.9: The antioxidant action of ascorbic acid. A: overall reaction of ascorbic acid
with molecular oxygen; B: reduction of ortho-quinone compounds by ascorbic acid.

I.IV.1. Oxidation of ascorbic acid

Although the oxidation of ascorbic acid is often described as a relatively simple process
by winemaking texts, e.g. Zoecklein et al., 1995, Rankine, 2002, Figure 1.10 reveals the
true complexity of the series of reactions involved in this process. The first step
involves loss of a proton from position 4 of ascorbic acid (H2A) to yield the monoanionic ascorbic acid, also called ascorbate (HA-, Figure 1.10). This ascorbate ion may
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then lose the remaining ring hydroxyl proton (position 3) to form the di-anionic ascorbic
acid (A2-, Figure 1.10). However, under acidic wine conditions, the di-anionic form
would not be favoured given its pKa value (i.e., 11.8). Alternatively, the mono-anionic
form of ascorbic acid (HA-, Figure 1.10) may undergo loss of an electron generating the
protonated ascorbyl radical (HA•, Figure 1.10). Within the pH range 2 to 5.5,
encompassing the pH of wine, the rate of oxidation of ascorbic acid in the presence of
oxygen was found to be proportional to the concentration of the mono-anionic form
(Danilewicz, 2003), and increase as the pH is raised (Taqui Khan & Martell, 1967a).
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Figure 1.10: Acid, oxidation and hydration equilibria associated with ascorbic acid and
some of its degradation products. Adapted from Bradshaw (2001).
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The protonated ascorbyl radical (HA•, Figure 1.10) is a pi-radical, stabilised by
delocalisation of the lone electron over the highly conjugated tri-carbonyl system. The
ascorbyl radical is very acidic, with a pKa value of -0.86 (Buettner & Jurkiewicz,
1996b), implying that the mono-anionic species, referred to as the semidehydroascorbate radical or mono-dehydroascorbate radical (A•-, Figure 1.10) will be
the predominant form over the pH range encountered in wine (Danilewicz, 2003). Loss
of an electron from the mono-dehydroascorbate radical generates dehydroascorbic acid
(D, Figure 1.10), which can undergo subsequent hydration at positions 3 and 4 to yield
the dihydrated form. Dehydroascorbic acid has been traditionally referred to as an ‘acid’
despite its lack of readily ionisable hydroxyl groups and a high pKa of 9.

The redox chemistry of ascorbic acid can be described via formal reduction potentials as
shown in Table 1.2 for dehydroascorbic acid (D), oxygen and ortho-quinone at pH 3.5.
While Table 1.2 shows the individual potentials of the two one-electron pathways, it is
the resulting overall two-electron processes that are important to consider for the
antioxidant action of ascorbic acid as illustrated in Figure 1.9. The low formal reduction
potential of ascorbate (HA-) consequently initiates its thermodynamically favourable
oxidation by other species present in wine, making ascorbic acid an excellent reductant
(Kilmartin et al., 2001; Danilewicz, 2003). For example, the reaction between oxygen
and ascorbate is thermodynamically favoured by their respective overall two-electron
reduction potentials, i.e., + 0.57 and + 0.19 V, respectively (Table 1.2). The positive
potential of the overall reaction, i.e., 0.57 – 0.19 = + 0.38 V, implies a negative Gibbs
free energy which indicates a spontaneous reaction.
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Table 1.2: Formal reduction potentials on the hydrogen scale (pH 3.5) of ascorbic acid,
molecular oxygen, catechol and irona (Danilewicz, 2003).
Reactions

Eo’ (V) (pH 3.5)

A•- + e- + H+  HA-

+ 0.55

D + e-  A•-

- 0.17

D+

2e-

H+ 

HA-

O2 +

e-

+ 0.19

H+

HO2•

- 0.09

 H2O2

+ 1.23

O2 + 2e- + 2H+  H2O2

+ 0.57

ortho-quinone + e- + H+  semi-quinone radical

+ 0.32

semi-quinone radical + e- + H+  catechol

+ 0.85

ortho-quinone + 2e- + 2H+  catechol

+ 0.58

Fe3+ + e-  Fe2+

+ 0.36

HO2•

+

+

+

e-

+



H+

b

Potential for Cu2+/Cu+ at pH 3.5 not reported.
b Potential measured in tartaric acid medium.
a

While the reaction between ascorbic acid and oxygen is thermodynamically favourable
(Table 1.2), it is in fact ‘spin forbidden’ (Singleton, 1987; Buettner & Jurkiewicz,
1996a) due to the triplet ground state of molecular oxygen, while ascorbic acid is in the
singlet state. However, it appears that either transition metal interaction or photoactive
sensitisers may bypass the spin restriction and allow the reaction to proceed via
alternate routes (Singleton, 1987; Clark et al., 2007).

The relatively low reduction potential of ascorbic acid (+ 0.19 V, Table 1.2) confirms its
ability to protect wine, either by acting as a sacrificial reductant, undergoing preferential
oxidation over other reactive compounds or by reducing other oxidised species.
However, while the reduction of ortho-quinones by ascorbic acid appears
thermodynamically favourable (Table 1.2) and has been claimed as one of the several
antioxidant properties and advantages of ascorbic acid in wine, it is yet to be observed
in real wine (Section I.IV of this Chapter).
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I.IV.2. Metal ions as catalysts of ascorbic acid degradation

The role of metal ions in catalysing or mediating various chemical reactions is wellestablished. In wine, the two metals of most concern with respect to oxidative spoilage
processes are copper and iron (Scollary, 1997). While the presence of copper in wine
was once attributed to vineyard sprays and extraction from metal fittings in the winery
(Scollary, 1997), the more common source in white wine is nowadays due to the
deliberate addition of copper(II) salts as a treatment for sulfidic off-odours (Cowey,
2008). On the other hand, contamination from contact with metal surfaces as well as
natural uptake by grapes are the main sources of iron (Scollary, 1997). Both iron and
copper metals exhibit redox couples (i.e., Cu(II)/Cu(I) and Fe(III)/Fe(II), Table 1.2) and
this has been attributed to their ability to participate in redox processes. One of the
difficulties in interpreting the definitive role of metal ions is due to the complexity of
the reactions in which they may participate. For example, in the stepwise process for the
production of xanthylium cations (Figure 1.4), iron(III) assists with the cleavage of
tartaric acid, while copper(II) mediates the bridging of (+)-catechin molecules by
glyoxylic acid (Oszmianski, Cheynier & Moutounet, 1996; Fulcrand et al., 1997; Clark
& Scollary, 2002; Clark, Prenzler & Scollary, 2003).

The role of metal ions in the oxidation of ascorbic acid was first proposed in 1921 (Hess
& Unger). However, despite extensive research in this area, there is still no clearly
defined and generally accepted mechanism. One of the major obstacles in reviewing the
literature is the wide variety of reaction conditions used by various authors. Variables
that have been used include pH, buffered versus non-buffered solutions, reaction
temperature, oxygen concentration and the presence or supposed absence of metal ions
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(supposed absence as the total removal of metal ions in many studies has been claimed
but not verified (Buettner & Jurkiewicz, 1996b)). A further significant complication is
that the reported results depend on the specific analyte being measured during the
kinetic experiments: dehydroascorbic acid (Taqui Khan & Martell, 1967a), hydrogen
peroxide (Silverblatt, Robinson & King, 1943), concentration of oxygen (Jameson &
Blackburn, 1976; Shtamm, Purmal & Skurlatov, 1979), or volume of oxygen consumed
(Weissberger & LuValle, 1944).

One issue that seems to have been overlooked in the interpretation of the experimental
data is the instability of dehydroascorbic acid in aqueous solution (Section I.V.1.1 of this
Chapter). Indeed, further oxidation, particularly in the presence of hydrogen peroxide,
generated in the first step of ascorbic acid oxidation, should be considered.
Fascinatingly, this issue was first described by Baron et al. (1936) but seems to have
been ignored by subsequent workers until the more recent study by Deutsch (1998a).
An additional layer of complexity is that the residual concentration of hydrogen
peroxide is influenced by the activity of metal ions in the reaction system (Section
I.V.1.2 of this Chapter). All this suggests that the use of dehydroascorbic acid or
hydrogen peroxide to monitor the kinetics of metal ion-influenced ascorbic acid
degradation is fraught with difficulties.

As described in Section I.IV.1 of this Chapter, one role of the metal ion in the ascorbic
acid oxidation is to overcome the spin restriction placed on the reaction by triplet
oxygen. What is essentially a thermodynamically favourable reaction is kinetically very
slow due to the spin restriction. The most reliable estimate of the true oxidation rate
constant for ascorbic acid is 6 x 10–7 s–1 at pH 7 (Buettner & Jurkiewicz, 1996b). This
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was obtained after rigorous exclusion of adventitious metal ions by Chelex resin, even
though this value may still be influenced by traces of metal ions present in less than
nanomolar amounts.

Direct interaction between the metal ions and ascorbic acid, allowing electron transfer
between ascorbic acid (being oxidised) and the metal ion (being reduced) is the basis of
one proposal for metal ion involvement. This is followed by a second step in which
molecular oxygen would re-oxidise the metal ion back to its original oxidation state
(Barron et al., 1936; Dekker & Dickinson, 1940; Silverblatt et al., 1943; Chapon &
Urion, 1960). Although not all authors agree on the exact mechanism, that is, suggesting
different intermediates, the principle remains the same. In this sense, oxygen is not
directly involved in the oxidation of ascorbic acid, but rather intervenes in re-oxidising
the metal ion back to its original state along with the formation of hydrogen peroxide.

An alternate postulate is based on the formation of a ternary oxygen-metal ion-ascorbic
acid complex, in which the metal ion acts as a bridge through which electrons are
transferred between ascorbic acid and oxygen in a single step (Taqui Khan & Martell,
1967b; Jameson & Blackburn, 1976). As with the first mechanism described above,
there appears to be no common agreement on the exact pathway and several
intermediates, even including binary metal ion-oxygen complexes (Shtamm et al., 1979;
Balla, Kiss & Jameson, 1992), have been postulated.

Most of the published studies have been carried out at high pH and it is therefore
difficult to translate any of the mechanistic conclusions to wine conditions.
Furthermore, the nature of the metal ions, mainly copper or iron, as well as their
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speciation, i.e., complexation and oxidation state, are reported to impact on the rate and
even the feasibility of the metal ion-catalysed ascorbic acid oxidation. For instance,
some wine components, such as protein, phosphate or tartrate, may act as ligands. Such
compounds are claimed to affect the catalytic oxidation of ascorbic acid in two ways:
the ligand may prevent ascorbic acid from binding to the metal ion and/or the ligand
may change the redox potential of the metal ion, resulting in a more or less difficult
transfer of electrons (Miller, Buettner & Aust, 1990). In addition, the available
concentrations of metal ions in wine could impact on the metal ion-catalysed ascorbic
acid oxidation, as copper(II) and iron(III) seem to favour different reaction pathways
(Taqui Khan & Martell, 1967a). Considerable additional research is required to unravel
these complex chemical issues relating to metal ion activity and ascorbic acid oxidation.

I.IV.3. Free radical processes

Free radicals are often invoked to explain chemical reactions, sometimes without
detailed or specific evidence for their existence. This is certainly the case for ascorbic
acid chemistry. While Bradshaw (2001) has reviewed the fundamental chemistry of free
radicals in relation to the oxidation of ascorbic acid, publications by Elias et al. (2009a,
2009b) and Elias and Waterhouse (2010) have provided a more recent perspective on
free radical chemistry and wine oxidation.

Bradshaw (2001) observed that ethanol, a radical scavenger (O’Donnell & Sangster,
1970), was capable of limiting, but not stopping, the development of phenolic
pigmentation in tartaric acid-buffered model wine systems that contained ascorbic acid
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and (+)-catechin. A similar suppression was also observed when mannitol was used in
place of ethanol (Bradshaw, 2001), again suggesting a free radical involvement in the
pigmentation process. While these observational studies suggested that the hydroxyl
radical was being produced, Bradshaw (2001) questioned whether the hydroxyl radical
was directly responsible for the enhanced pigmentation induced by ascorbic acid. The
issue was not finalised, although Bradshaw pointed out that Rafat Husain et al. (1987)
had demonstrated the capacity of (+)-catechin to scavenge the hydroxyl radical,
implying that an alternate mechanism was taking place in the presence of ascorbic acid.

Bradshaw’s work followed that of Chapon and Urion (1960) and Chapon and Chapon
(1979) who investigated the effect of hydroxyl radicals from the Fenton reaction on the
oxidation of alcoholic beverages. The Fenton reaction, first described by Fenton in 1894
(Fenton, 1894), is summarised in Equations 1-4. This scheme indicates that the
generated hydroxyl radical will react with ethanol to generate the 1-hydroxylethyl
(ethoxy) radical

(CH3 CHOH), with

subsequent

electron transfer

producing

acetaldehyde and regenerating Fe2+ for propagation of the reaction process. Similarly,
hydroxyl radical can attack other wine components present in relatively high
concentrations

such

as

glycerol

and

tartaric

acid,

subsequently

producing

glyceraldehyde (Laurie & Waterhouse, 2006) and glyoxylic acid (Clark et al., 2007),
respectively.

Fe2+ + H2O2

Fe3+ + OH- + OH

OH + CH3CH2OH
CH3 CHOH + Fe3+
Fe2+ + OH
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(1)

Initiation

CH3 CHOH + H2O

(2)

Propagation

CH3CHO + Fe2+ + H+

(3)

Propagation

(4)

Termination

Fe3+ + OH-
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Kaneda et al. (1988) detected hydroxyl radicals in beer using electron paramagnetic
resonance (EPR) spectroscopy after spin-trapping with N-tert-butyl-α-phenylnitrone. In
a later study, the authors (Kaneda, Kano, Osawa, Kawakishi & Koshino, 1991) also
identified singlet oxygen (1O2) and the superoxide radical (O2 –) by chemiluminescence
and claimed that ascorbic acid improved flavour stability in beer, although the results
are somewhat speculative. Elias et al. (2009a) also used EPR with spin-trapping to
prove the existence of the 1-hydroxylethyl radical in red wine that contained a low
concentration of sulfur dioxide. The presence of hydroxyl radicals was proposed
following their conversion to methyl radicals by reaction with dimethyl sulfoxide.
However, no evidence could be obtained for the presence of the hydroperoxyl radical
(HO2 ) (i.e., the protonated form of the superoxide radical (O2 –) that would be present
at wine pH). A more detailed study of the factors that influence the Fenton reaction in
wine has recently been published (Elias & Waterhouse, 2010).

It must be noted that there is an alternate mechanism for the hydroxyl radical production
in wine. Clark and co-workers (2007) described the sunlight degradation of tartaric acid
to give glyoxylic acid, a precursor to pigment development (Section I.I.2.2 of this
Chapter). It was argued that trace levels of iron, in combination with tartrate, initiated a
photodegradation process and a mechanism for the degradation of tartaric acid via both
photochemical and Fenton chemistry processes was described. More recently, Clark et
al. (2011) have shown that light below 520 nm is critical for the initiation of this
photochemical process. These observations are important as they show that light must
be considered as another environmental factor that can impinge on the free radical
reaction processes. In fact, studies reviewed here have ignored any light effect on the
reaction outcomes.
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Chapon and Chapon (1979) proposed that ascorbic acid could assist in the propagation
of hydroxyl radical production by reducing the metal ion (Equation 5) which would then
be able to participate in Fenton reactions (Equation 1). Not only can iron be implicated
in this process, but also copper, manganese and cobalt (Chapon & Urion, 1960;
Moreaux, Birlouez-Aragon & Ducauze, 1996). In fact, Moreaux et al. (1996) have
proposed an ascorbic acid/copper(II) based mechanism for the production hydroxyl
radicals (Equations 6-7). The subsequently generated hydroxyl radical can then
participate in various oxidative mechanisms, including the Fenton reaction mentioned
above (Equations 1-4).

AH2 + 2Fe3+

A + 2Fe2+ + 2H+

(5)
AH2: ascorbic acid

AH2 + O2 + Cu
H2O2 + Cu+

2+

A + H2O2 + Cu

OH + OH– + Cu2+

+

(6)

A: dehydroascorbic acid

(7)

Ascorbic acid also has the capacity to react directly with the hydroxyl radical, with a
rate constant determined to be 1.1 × 1010 M–1 s–1 (Buxton, Greenstock, Helman & Ross,
1988). It may also react with the 1-hydroxyethyl radical (Stoyanovsky, Wu &
Cederbaum, 1998; Brinkevich & Shadyro, 2008), although there does not appear to be
any rate constant published for this reaction. By scavenging the hydroxyl and other
radicals, ascorbic acid interrupts the chain propagation steps described in Equations 2
and 3 above. The advantage is that the highly destructive oxygen-based radicals will be
replaced by the less reactive mono-dehydroascorbate radical. This is seen as one of the
advantages of using ascorbic acid as an antioxidant. However, in the presence of metal
ions, ascorbic acid may act pro-oxidatively through radical initiation as shown by
Equations 5, 6 and 7 above.
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The ascorbic acid crossover from anti- to pro-oxidant, initially proposed by Buettner
and Jurkiewicz (1996b), may have a basis in the changing concentration of ascorbic acid
in relation to free radical reactions. At a high concentration of ascorbic acid, it will be
able to scavenge radicals that are produced by metal ion-mediated processes. That is,
the radicals generated in Equations 1 to 3 above will be quenched by ascorbic acid.
However, once the ascorbic acid drops below a critical concentration, the ascorbic acid
radical scavenging capacity will be diminished, so there will be potential for oxidative
reactions to dominate. That is, a pro-oxidant effect will be observed. This crossover
description is consistent with flavan-3-ol pigmentation development being observed in
model wine systems containing ascorbic acid, without sulfur dioxide, only after the
ascorbic acid concentration drops to less than 90% of its original value (Bradshaw et al.,
2003; Clark et al., 2008).

Surprisingly, there appears not to have been many detailed investigation of the role of
sulfur dioxide in relation to free radical chemistry in the wine environment. One of the
main reasons for recommending the use of sulfur dioxide when ascorbic acid is added to
wine is to scavenge hydrogen peroxide (McArdle & Hoffmann, 1983). However, sulfur
dioxide could in fact be involved in free radical reactions. Danilewicz (2007) proposed a
radical chain propagation mechanism for sulfur dioxide oxidation in aqueous ethanol
solutions with metal ions but found that phenolic compounds inhibited the radical chain
propagation. Elias et al. (2009) have also detected the presence of sulfite radicals in a
red wine, although the wine was heated to 55 °C. Further, Bradshaw et al. (2004)
showed that sulfur dioxide was able to totally inhibit the development of (+)-catechinbased pigments in a well-aerated model wine system. These preliminary results call for
a more detailed investigation of the role of sulfur dioxide in free radical chemistry.
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I.V. DEGRADATION PRODUCTS OF ASCORBIC ACID

A wide range of literature is available on the use and subsequent degradation of ascorbic
acid in biological and food matrices. However, very few studies have been performed in
wine or model wine systems. This is important as the pH range is a crucial parameter
influencing the degradation of ascorbic acid. Other parameters such as light,
temperature, metal ions (Sections I.IV.2-3 above) or even the presence of ethanol are
also believed to have some effect on the ascorbic acid degradation. Although they may
not all impact on the degradation pathways it is assumed such factors may affect the
kinetics of the degradation reactions. The present section presents an overview of
possible degradation pathways published in studies carried out under conditions similar
to a wine environment, focussing on the chemical and environmental parameters that
influence the degradation pathways. Further, several intermediate and terminal
compounds that are claimed to have been identified in the various degradation processes
are also identified.

The degradation of ascorbic acid can proceed via two distinct pathways based on the
available oxygen concentration, namely oxidative and non-oxidative. These are often
referred to as aerobic and anaerobic degradations, respectively, as these terms are
consistent with the conditions in which they prevail. The former is commonly regarded
as the major pathway under wine conditions, being the mechanism by which ascorbic
acid delivers its antioxidant action (Figure 1.9A). Alternatively, the anaerobic
degradation of ascorbic acid, although supposedly minor under normal wine storage
conditions, can nevertheless occur depending on the proportion of ascorbic acid and
oxygen available in solution.
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I.V.1. Products stemming from the aerobic degradation of ascorbic acid

I.V.1.1. Ascorbic acid - dehydroascorbic acid - 2,3-diketogulonic acid
equilibria

As mentioned in Section I.IV of this Chapter, the aerobic oxidation of ascorbic acid
results in the formation of dehydroascorbic acid and hydrogen peroxide (Figure 1.9A)
(Zoecklein et al., 1995). Dehydroascorbic acid has been reported to undergo
spontaneous interconversion with ascorbic acid: Sawamura et al. (1991), in a study
using radio-isotopic 14C dehydroascorbic acid in an unstated pH aqueous medium, 37 ºC
and darkness, noticed the conversion of dehydroascorbic acid to ascorbic acid (i.e., 8%
yield). Alternatively, under neutral conditions and 37 ºC, Kimoto et al. (1993) reported
less than 1% of dehydroascorbic acid being converted to ascorbic acid, using
electrochemical detection-high performance liquid chromatography. Deutsch (1997),
who also used isotopic labelling, this time with deuterium, observed about 20%
conversion of dehydroascorbic acid to ascorbic acid in aqueous solutions at 35 °C and a
pH of 3.45. The dehydroascorbic acid-ascorbic acid interconversion was found to be
maximum between pH values of 4 and 6, and increase with the temperature (0-42 °C)
(Deutsch, 1997). Although this interconversion percentage is a lot higher than what has
been reported in other studies, it must be noted that the initial presence of ascorbic acid
in solution was required to observe any interconversion (Deutsch, 1997). The same dual
presence of dehydroascorbic acid and ascorbic acid to allow observation of the
interconversion was also reported at physiological pH (i.e., 7.4) (Nishikawa & Kurata,
2000). However, when, within the same study, the authors reproduced their experiments
at a pH between 3.0-4.0, a similar range to Deutsch (1997), the interconversion was not
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observed (Nishikawa & Kurata, 2000). Similarly, Hughes and van Deusen (1989) as
well as Serpen and Gökmen (2007) did not observe any interconverstion between
dehydroascorbic acid and ascorbic acid in aqueous systems at pH 3.3 and temperatures
ranging from 25 to 90 °C.

These studies above clearly display the impact of the reaction system as a whole on the
interconversion between dehydroascorbic acid and ascorbic acid. Even controlling the
pH and the temperature in an aqueous medium does not seem sufficient to predict an
outcome, as contradictory results appear as early as the dehydroascorbic acid-ascorbic
acid interconversion stage. Nonetheless, one study was performed under wine
conditions, using a model wine system as that used in this thesis (pH 3.20, 12% (v/v)
ethanol, 45 °C): using square wave voltammetry, Bradshaw et al. (2002) measured a
0.5% interconversion between dehydroascorbic acid and ascorbic acid. Addition of
hydrogen peroxide did not affect the extent of the conversion, but sulfur dioxide
stopped the interconversion (Bradshaw et al., 2002).

The dehydroascorbic acid generated by ascorbic acid during aeration of solutions at pH
2 has been found to be predominantly in a hydrated bicyclic hemiketal form (Pastore et
al., 2001) (Figure 1.11), consistent with previous observations at higher pH (3.45, 6-7)
(Jungbluth, Kolloch, Marx & Pfeilsticker, 1997; Deutsch, 1998b; Kurata & Nishikawa,
2000; Nishikawa & Kurata, 2000). Once formed, the dehydroascorbic acid can undergo
ring opening (between positions 1 and 2, Figure 1.8 (Sawamura et al., 1991; Deutsch,
1998b)), via hydrolysis of the lactone group, to form 2,3-diketogulonic acid (Figure
1.11), which is generally considered as an irreversible step. However, isotopic labelling
studies by Deutsch suggest that not only is the formation of 2,3-diketogulonic acid
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reversible, but also that it is ‘a spontaneous, ongoing equilibrium’ in aqueous solutions
at pH 3.5, although no quantification was made (Deutsch, 1998b). However, while
studying the 2,3-diketogulonic acid-dehydroascorbic acid interconversion at different
pH values (2-7) and 30 °C in aqueous solutions, Miyake and Kurata (1998) observed
that the conversion yield decreased with increasing pH, with 0.32% conversion at pH
3.5. Therefore, although the reaction is feasible under wine conditions, it is unlikely it
will have a significant impact on the dehydroascorbic acid stability and the subsequent
degradation of 2,3-diketogulonic acid will proceed (Section I.V.1.3 of this Chapter).
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dehydroascorbic acid decomposition rate was found to be enhanced with increasing
temperatures (Hughes & van Deusen, 1989) and the presence of metal ions, i.e.,
iron(III) (Serpen & Gökmen, 2007). In fact, metal ions were found to impact similarly
on the ascorbic acid and dehydroascorbic acid degradation rates (Serpen & Gökmen,
2007). The rate of dehydroascorbic acid decay was found independent of the presence
of oxygen but rather, a function of its own concentration and faster at higher
temperatures and pH values (Bode, Cunningham & Rose, 1990). When an aqueous
solution (pH 3.0) of 0.010 mM dehydroascorbic acid was stored at 23 C for four hours,
its concentration decreased by just under 3% (Bode et al., 1990), slightly higher than
reported by Bradshaw (2001).

I.V.1.2. Hydrogen peroxide formation and subsequent role in ascorbic
acid degradation

As illustrated earlier in Figure 1.9A, hydrogen peroxide is a major product generated
from the oxidation of ascorbic acid. Hydrogen peroxide is well known for its instability
in the presence of metal ions, resulting in the formation of the highly oxidising hydroxyl
radical (Goldstein, Meyerstein & Czapski, 1993). Its effect on wine components such as
ethanol (Wildenradt & Singleton, 1974), tartaric acid (Fenton, 1894; Clark et al., 2007)
and glycerol (Laurie & Waterhouse, 2006) has been discussed in more detail in Section
I.IV.3 of this Chapter. In addition, hydrogen peroxide can also act as a nucleophile
(Yadav & Gupta, 2000). Typically in wine, it will be with sulfur dioxide, but hydrogen
peroxide could also potentially react with ascorbic acid and/or its degradation products,
especially if both the sulfur dioxide and metal ion concentrations are low.
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The formation of hydrogen peroxide from ascorbic acid oxidation has been measured by
a variety of analytical techniques, including polarography (Sansal & Somer, 1997),
amperometry (Zambonin & Losito, 1997), square wave voltammetry (Bradshaw et al.,
2002) and enzymatic detection (Peng et al., 1998). While the reaction systems utilised
in these studies differ (i.e., aqueous solutions, wines), all authors tend to agree that the
mole ratio of produced hydrogen peroxide to oxidised ascorbic acid considerably differ
from the expected 1:1 stoichiometry (Figure 1.9A). This is with the exception of Sansal
and Somer (1997) who claimed to observe an almost 1:1 mole ratio between the
generated hydrogen peroxide and oxidised ascorbic acid, although close analysis of their
data also shows a substantially lower mole ratio in some of their experiments. The lower
mole ratio of produced hydrogen peroxide to oxidised ascorbic acid is thought to be due
to subsequent reactions of hydrogen peroxide with residual ascorbic acid and/or its
other degradation products, including dehydroascorbic acid.

In fact, under

pharmacological conditions, the reported antioxidant activity of ascorbic acid
degradation products is often attributed to their ability to undergo oxidative
decarboxylation by hydrogen peroxide with consequent scavenging of hydrogen
peroxide (Deutsch, 2000).

Hydrogen peroxide has been reported to impact on the degradation of ascorbic acid, and
includes the hydrogen peroxide-catalysed decarboxylation of 2,3-diketogulonic acid
into threonic acid, via the intermediate 3,4,5-trihydroxy-2-ketopentanoic acid, otherwise
called threo-2-pentosulonic acid, under basic pH (8-12) and temperatures ranging from
30 to 110 °C (Niemelä, 1987). The latter compound is the acid form of the aldehyde,
xylosone, a degradation product emanating from 2,3-diketogulonic acid (Section I.V.1.3
below). Deutsch (1998b) also reported that upon addition of hydrogen peroxide,
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dehydroascorbic acid (aqueous solutions, pH 3.2-3.5, 20-37 °C) cleaved into threonic
acid, retaining carbons 4 to 7 of the original ascorbic acid/dehydroascorbic acid
structure (Figure 1.8). In a similar study, the same author identified the compound
4,5,5,6-tetrahydroxy-2,3-diketohexanoic acid (THDH), along with threonic acid, as
resulting from the hydrogen peroxide-catalysed oxidation of ascorbic acid or
dehydroascorbic acid (Deutsch, 1998a). Acetaldehyde was also found to be formed
from ascorbic acid or threonic acid in the presence of hydrogen peroxide, albeit at
neutral pH (Miyake & Shibamoto, 1995). However, if acetaldehyde was to be formed
from ascorbic acid in a wine environment, this could have major consequences as
acetaldehyde binds strongly to sulfur dioxide (Table 3.1), and is involved in bridging
reactions of polyphenols (Section I.I.2.2 of this Chapter). Overall, dehydroascorbic acid
appears to be more reactive towards hydrogen peroxide than ascorbic acid (Deutsch,
1998a), consistent with Zambonin and Losito’s observations at pH 7 (Zambonin &
Losito, 1997), but less than 2,3-diketogulonic acid (Deutsch, 1998a). However, in winelike conditions, the concentration of hydrogen peroxide would not normally reach levels
used in the studies above (Niemelä, 1987; Deutsch, 1998a) especially in the presence of
sulfur dioxide and metal ions.

I.V.1.3. Further degradation arising from 2,3-diketogulonic acid

Studies conducted on the reactivity of the 2,3-diketogulonic acid either investigate its
direct degradation or its degradation after formation from dehydroascorbic acid. 2,3Diketogulonic acid generates a large variety of compounds via numerous mechanisms
including
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rearrangements, cyclisation, and benzylic rearrangements and is considered as a
gateway to the multiple degradation products arising from the aerobic oxidation of
ascorbic acid, also known as the ascorbate cascade (Kimoto et al., 1993).

The most commonly reported terminal products arising from the aerobic degradation of
ascorbic acid (Tatum, Shaw & Berry, 1969; Yuan & Chen, 1998a; Shinoda, Murata,
Homma & Komura, 2004) and dehydroascorbic acid (Kurata & Fujimaki, 1976a;
Velíšek, Davídek, Kubelka, Zelinková & Pokorný, 1976; Kimoto et al., 1993;
Sawamura, Takemoto, Matsuzaki, Ukeda & Kusunose, 1994; Yuan & Chen, 1998a) in
acidic aqueous conditions were found to be 3-hydroxy-2-pyrone and 2-furoic acid
(Figure 1.12). Electrochemical detection of the compounds by Kimoto and co-workers
(1993) showed that 3-hydroxy-2-pyrone exhibited reductive properties, while 2-furoic
acid displayed oxidative characteristics.

Formation of the two compounds was demonstrated to emanate from dehydroascorbic
acid (i.e., the initial aerobic degradation product of ascorbic acid) and was suggested to
occur via the mechanism shown in Figure 1.12. This reaction pathway includes the
decarboxylation of 2,3-diketogulonic acid into xylosone, a mechanism already reported
(Whiting & Coggins, 1960; Kurata & Sakurai, 1967b; Kurata & Fujimaki, 1976b; Shin
& Feather, 1990), followed by a multi-step conversion of xylosone to the terminal
products via oxidation, dehydration and/or keto-enol tautomerism (Kurata & Sakurai,
1967b; Kimoto et al., 1993; Yuan & Chen, 1998a). Although the formation of xylosone
is well established, the intermediate compounds formed between xylosone and the
terminal products have yet to be confirmed.
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oxygen, removal of oxygen cannot reverse and/or hinder this degradation sequence.
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The two compounds, 2-furoic acid and 3-hydroxy-2-pyrone, claimed to be two terminal
products, have also been detected in ascorbic acid-containing model orange juice (pH 3)
after storage at 50 C (Shinoda et al., 2004; Shinoda, Komura, Homma & Murata,
2005). Interestingly, the concentration of 3-hydroxy-2-pyrone was observed to decline
during storage in the orange juice model system (Shinoda et al., 2004; Shinoda et al.,
2005), suggesting it may further react. The decline in 3-hydroxy-2-pyrone concentration
may be related to its volatility as it has been identified as a compound responsible for a
caramel-like or ‘heavy sweet’ smell (Kurata & Fujimaki, 1976a). Of these two
compounds identified in orange juice, only 2-furoic acid has been detected in wine
(Yuan & Chen, 1998b).

A variety of other products, typically at concentrations lower than those found for 3hydroxy-2-pyrone and 2-furoic acid, have been detected during the storage of ascorbic
acid or dehydroascorbic acid in aerobic conditions. As outlined in Figure 1.13, these
include 5-methyl-3,4-dihydroxytetrone, a coloured compound (Kimoto et al., 1993;
Sawamura et al., 1994), 3-keto-4-deoxypentosone (Kurata & Fujimaki, 1976a, 1976b),
acetic acid, and acetyl furan (Tatum et al., 1969; Velíšek et al., 1976). While acetic acid
can affect the pH of reaction mixtures, it was found to have no significant impact at pH
values of 2 and 4 (Velíšek et al., 1976). Schulz and co-workers (2007) followed the
production of

-dicarbonyl compounds formed from aqueous solutions (pH 3.5) of

either ascorbic acid, dehydroascorbic acid or 2,3-diketogulonic acid during thermal
degradation (120 C for 120 min) by trapping the degradation products as quinoxalinederivatives. The compounds identified are shown in Figure 1.13 and a mechanism for
the formation of these compounds was proposed based on labelling studies (Schulz et
al., 2007). Direct cleavage between positions 2 and 3 of 2, 3-diketogulonic acid was
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suggested to yield glyoxal, along with threonic acid, or oxalic acid and erythrulose, the
latter leading to the formation of 3-deoxythreosone via keto-enol tautomerisms (Schulz
et al., 2007). Glyoxal is of particular interest as it is known to generate yellow
xanthylium cations upon reaction with flavan-3-ols found in white wine (Es-Safi et al.,
2003) (Section I.I.2.2 of this Chapter). Other products, including ethyl glyoxal and 2keto-3-deoxy-pentono- -lactone, have been reported by Kurata and Sakura (1967b) but
the reaction conditions involve incubation of ascorbic acid in 5% (v/v) sulfuric acid and
boiling of the solution.
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The decarboxylation step between 2,3-diketogulonic acid and xylosone (Figure 1.12)
results in the production of carbon dioxide. The taste (i.e., ‘spritz’) threshold for carbon
dioxide in white and red wines is around 0.50 to 0.60 g/L, and at similar concentrations,
carbon dioxide can increase the ‘freshness’ of wine aroma (Ough & Amerine, 1988).
These concentrations are much higher than the 0.025 g/L carbon dioxide expected to be
generated from typical levels of ascorbic acid used in wine production (i.e., 100 mg/L),
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but may be enough to raise the overall concentration to levels above the threshold,
especially if several ascorbic acid additions have been made throughout the winemaking
process. It is by this effect that Kielhöfer and Würdig (1959) attributed the fresher,
livelier bouquets of old wines to which ascorbic acid had been added at bottling.

The oxidation of ascorbic acid under aerobic conditions is clearly far from simple and
varies greatly depending on the reaction parameters. Given the slow rate of oxidation of
ascorbic acid in bottled wine (Skouroumounis et al., 2005), it is unlikely that sufficient
dehydroascorbic acid would be generated, or exist long enough, to allow
interconversion with ascorbic acid. Alternatively, dehydroascorbic acid will degrade
into a wide range of compounds, a fact that is generally overlooked in many standard
textbooks on wine chemistry. As many of the degradation products have the potential to
participate in reactions with other wine components (e.g. pigment formation, other
oxidation reactions), it is crucial that the oxidative degradation of ascorbic acid is fully
understood.

I.V.2. Products stemming from the anaerobic degradation of ascorbic acid

The previous section described the importance of understanding the oxidative
degradation of ascorbic acid. Similarly, it is also essential that the anaerobic process is
chemically defined when considering degradation reactions of ascorbic acid in wine.
Relatively high and variable levels of oxygen may be present in the wine immediately
after bottling, i.e., typically 0.5-7.0 mg/L total packaged oxygen (Karbowiak et al.,
2010). The oxygen is usually consumed within 3-6 months, after which the oxygen
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concentration should be relatively low and only maintained by ingress through the
bottle closure. However, this latter oxygen ingress rate depends on the type and integrity
of the closure utilised (Lopes, Saucier & Glories, 2005; Lopes, Saucier, Teissedre &
Glories, 2007).

Although the term ‘anaerobic degradation’ of ascorbic acid is commonly utilised to
describe the non-oxidative degradation of ascorbic acid, it incorrectly implies that this
non-oxidative decay only occurs in the absence of oxygen. In fact, the non-oxidative
degradation of ascorbic acid actually occurs in competition with the oxidative decay and
therefore does not require true anaerobic conditions to proceed (Kurata & Sakurai,
1967a). In studying the anaerobic degradation of ascorbic acid and associated kinetics,
attempts have been made by researchers to exclude oxygen, either by a physical barrier
(e.g. sealed ampoule) and/or ‘chemically’ through the use of inert gas cover, but
residual oxygen concentrations have been rarely reported in these studies.
Consequently, throughout the remainder of this thesis the non-oxidative degradation of
ascorbic acid will be termed ‘anaerobic’ as per the majority of published literature on
this process.

The parameter that most impacts on the rate of anaerobic degradation of ascorbic acid is
temperature. Under ideal wine storage conditions (14 °C), and provided some oxygen is
present, the aerobic degradation of ascorbic acid dominates over the anaerobic decay.
For example, in a Sauvignon Blanc wine (pH 3.25) stored under ‘cellar conditions’ for
two years, Lopes and co-workers (2009) reported a 2.5% and 96% decrease in ascorbic
acid concentration for wines with trace oxygen (i.e., thoroughly degassed and stored in
oxygen impervious container) and ~12 mg/L of oxygen (i.e., sum of dissolved oxygen at
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bottling and oxygen transmission through closure over two years), respectively.
However, as temperature increases the rate of anaerobic degradation of ascorbic acid
has been shown to increase considerably (Table 1.3) (Huelin, 1953; Finholt, Paulssen,
Alsos & Higuchi, 1965b; Anmo, Washitake, Hayashi & Takahashi, 1971; Niemelä,
1987; Rodriguez, Sadler, Sims & Braddock, 1991), although the impact of ethanol on
the degradation rates in Table 1.3 is not certain. The pH value is also known to impact
on the rate of the anaerobic degradation of ascorbic acid with an increase in decay rate
as the pH is decreased (Huelin, 1953; Finholt, Paulssen & Higuchi, 1963; Finholt et al.,
1965b; Anmo et al., 1971).

Table 1.3: Concentration of ascorbic acid (mg/L) during the anaerobic degradation in
aqueous solution at various temperatures (pH = 4.00).
Time

20 °C a

30 °C a

45 °C a

96 °C b

0 hours

100

100

100

100

20 hours

100

100

100

70

50 hours

100

100

100

41

1.5 years

97

87

37

0

3.0 years

93

75

14

0

Overall rate constant c
(x10-5 hours-1)

0.264

1.072

7.589

1790

Data calculated using the rate constant at 96 C and the activation energy of 104.6 kJ/mol (Finholt et al., 1965).
This calculation uses the assumption that the anaerobic degradation mechanism is the same at 96 C and 20-45 C.
b Data calculated using the rate constant reported by Finholt et al. (1965).
c First order rate constants for the overall anaerobic degradation of ascorbic acid at various temperatures.
a

The most commonly reported terminal product of the anaerobic degradation of ascorbic
acid is furfural (Kurata & Sakurai, 1967a; Tatum et al., 1969; Bauernfeind & Pinkert,
1970; Velíšek et al., 1976; Kimoto et al., 1993; Vernin, Chakib, Rogacheva, Obretenov
& Parkanyi, 1998; Yuan & Chen, 1998a; Shinoda et al., 2004). The general mechanism
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for the formation of furfural (Figure 1.14) involves initial ring cleavage and hydration
of ascorbic acid rather than oxidation. The subsequent steps require decarboxylation,
acid-catalysed dehydrations and cyclisation. Several studies have shown that the
formation of furfural is favoured at low pH values (Huelin, 1953; Finholt, Alsos &
Higuchi, 1965a; Kurata & Sakurai, 1967a; Bauernfeind & Pinkert, 1970; Velíšek et al.,
1976; Yuan & Chen, 1998a).
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Figure 1.14: Anaerobic degradation of ascorbic acid and production of furfural.
Compounds enclosed the box have not been identified in ascorbic acid degradation
solutions but are proposed based on related studies.

The acid-catalysed anaerobic degradation of ascorbic acid has also been studied in
methanol. The proposed mechanism (Figure 1.15) includes formation of an ascorbic
acid-based bicyclic structure, supposedly via the bicyclic dehydroascorbic acid form
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previously shown in Figure 1.11, followed by subsequent dehydrations and
decarboxylation via dihydrofuran-type intermediates to yield furfural (Figure 1.15)
(Goshima, Maezono & Tokuyama, 1973). The authors claim that such mechanism
would be equally valid in aqueous media, but do not provide evidence.
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Figure 1.15: Anaerobic degradation of ascorbic acid in aqueous conditions as proposed
by Goshima et al. (1973). Structures in the solid-line boxes were identified via their
methoxy- or methyl ester derivatives, whilst structures in dashed boxes were postulated.

Not all authors agree that furfural is exclusive to the anaerobic degradation of ascorbic
acid and instead suggest that it could be produced via the oxidatively generated
dehydroascorbic acid (Kurata & Sakurai, 1967b; Velíšek et al., 1976; Vernin et al.,
1998). In work reported by Kurata and Sakurai (1967b), the interconversion between
dehydroascorbic acid and ascorbic acid was proposed to be responsible for the
production of furfural from dehydroascorbic acid, but evidence to justify the claim is
missing. Additionally, Kimoto and co-workers (1993) proposed the aerobic formation
of furfural via the enediol form of xylosone. Subsequent dehydration and reduction,
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yielding the diene structure, is then followed by dehydration to afford furfural (Kimoto
et al., 1993).

Schulz and co-workers (2007) also identified the

-dicarbonyl compound, 4,5-

dihydroxy-2-ketopentanal

3-deoxypentosulose

(otherwise

known

as

or

3-

deoxyxylosone, Figure 1.14) generated upon storage of ascorbic acid at pH 3.5,
although the reaction temperature was not so relevant to wine storage (120 C for 2
hours). This compound has been proposed as an intermediate in the formation of
furfural during the anaerobic degradation of ascorbic acid (Kurata & Sakurai, 1967a;
Shin & Feather, 1990; Vernin et al., 1998), although there is some evidence from
tritium-labelling studies that the enol form may rather be favoured under acidic
conditions (Feather, Harris & Nichols, 1972). Consideration needs also to be given to
the potential for Maillard reactions. This is discussed in more detail below (Section
I.V.3 of this Chapter), but it is pertinent to note here that deoxypentosuloses and
deoxyhexosuloses, and their dehydrated degradation products (important in the
degradation of sugars) readily participate in Maillard browning reactions via interaction
with amino compounds (Wedzicha, 1984). For example, the six-carbon dicarbonyl
compound, 3-deoxyglucosone, has been observed to dehydrate to yield the unsaturated
3,4-dideoxyglucosone by an acid-catalysed oxotropic change (Anet, 1961, 1962), which
is consistent with the dehydration of 4,5-dihydroxy-2-ketopentanal as shown in Figure
1.14. In the alternate mechanism for furfural production from ascorbic acid in methanol
proposed by Goshima et al. (1973) (Figure 1.15), it was suggested that 4,5-dihydroxy-2ketopentanal was just a minor hydration product of the intermediate 4-hydroxy-4,5dihydro-2-furfural.
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In addition, Coggiola (1963) isolated 2,5-dihydro-2-furoic acid upon degradation of
ascorbic acid at 100 C for 10 days under a carbon dioxide atmosphere. Sawamura and
co-workers (1994), who identified the brown product, 5-methyl-3,4-dihydroxytetrone
(Figure 1.13), from the degradation of dehydroascorbic acid, at an unstated pH,
observed that its formation was greatly enhanced under nitrogen atmosphere. These
observations suggest that some of the degradation products stemming from
dehydroascorbic acid can nonetheless be influenced by the availability of oxygen.

Similar to the studies on aerobic degradation, the anaerobic degradation of ascorbic acid
is highly dependent on the reaction parameters utilised in each study reviewed here.
Consistency of experimental conditions will be vital to obtain a definitive understanding
of the degradation processes that may occur in a wine matrix.

I.V.3. Other parameters influencing the ascorbic acid degradation products

In a series of studies more relevant to the bulk storage of ascorbic acid in wineries,
Shephard and co-workers (1999a, 1999b, 1999c) investigated the solid state degradation
of ascorbic acid under different levels of aeration, moisture (0-10%, v/m), and
temperature (15-60 C). As might be expected, the ascorbic acid degraded to the
greatest extent with aeration, high moisture and temperature and resulted in coloured
products, one of which was a polymer composed of furan-type and benzene-type units.
Interestingly, the polymerisation was attributed to furfural, which was formed by two
dehydrations steps of ascorbic acid followed by a decarboxylation.
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There appears to be few reports on the impact of 10-15% (v/v) ethanol on the aerobic or
anaerobic degradation of ascorbic acid. This is clearly a limitation of knowledge, given
that ethanol is a critical constituent of the wine matrix. Rodriguez and co-workers
(1991) studied the aerobic and anaerobic degradation of ascorbic acid in an alcoholic
(8%, v/v) orange juice (pH 3.8) over a temperature range of 4-40 °C. This appears to be
the only study including ethanol in its reaction system, but unfortunately allows no
direct comparison to an identical reaction system without ethanol (Rodriguez et al.,
1991). Further, the presence of ethanol may affect the solubility of molecular oxygen
and hence influence the rate of ascorbic acid degradation. In wine, it is also possible that
some ascorbic acid degradation products may undergo ethyl esterification and
consequently may become volatile aroma compounds. A study by König et al. (1999)
showed the production of an off-aroma compound, sotolon, during the storage of either
ascorbic acid or dehydroascorbic acid in a 0.6% (v/v) aqueous ethanol solution (pH 5-9)
at 70 oC during a two-week period. Sotolon is known to be present in white wine, and at
high concentrations is also a spoilage compound linked to the storage of white wine at
elevated temperatures (Silva Ferreira, Hogg & Guedes de Pinho, 2003).

Other studies have investigated the ability of a range of additives to impact on the rate
of ascorbic acid and dehydroascorbic acid decays, including, among others, electrolytes
(i.e., NaCl, KCl) (Rojas & Gerschenson, 2001), sugars (i.e., fructose, sucrose, glucose)
(Huelin, 1953; Rojas & Gerschenson, 2001; Shinoda et al., 2005) and amino acids
(Sawamura et al., 1991; Miyake & Kurata, 1998; Shinoda et al., 2005; Serpen &
Gökmen, 2007). Of particular interest are sugars and amino acids as they are found in
wine (Zoecklein et al., 1995) and are the primary reactants in Maillard reactions, leading
to the formation of brown polymers known as melanoidins (Figure 1.16) (Hodge, 1953).
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Figure 1.16: Maillard reaction scheme as reported by Hodges (1953).

Vernin (Vernin et al., 1998) stated that ascorbic acid behaved the same way as reducing
sugars involved in the Maillard reactions and observed that, at elevated temperatures
(> 130 °C, extreme with respect to wine storage), most of the furan compounds arising
from the ascorbic acid degradation were identical to those obtained in the Maillard
reactions. In fact, ascorbic acid and dehydroascorbic acid (including

-dicarbonyl

compounds, as shown in Figure 1.13) have the reductone and dehydroreductone
structures, respectively, required to participate in some of the Maillard reactions (Figure
1.16). Ascorbic acid has indeed been reported to produce melanoidins in the presence of
amino acids (Rogacheva, Kuntcheva, Panchev & Obretenov, 1999; Obretenov et al.,
2002) and some authors have observed the formation of yellow to red pigments upon
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incubation of dehydroascorbic acid with amino acids (Kurata, Fujimaki & Sakurai,
1973; Sawamura et al., 1991). In addition, aldehydes, and especially furfural, involved
in the Maillard reactions (Figure 1.16) are known degradation products of ascorbic
and/or dehydroascorbic acid. Although the involvement of amino acids on ascorbic acid
and its degradation products is not the main aspect of this thesis, it is apparent from
published work that the identification of the ascorbic acid degradation products under
wine conditions will form an important basis for future studies on Maillard reactions.

The impact of metal ions on the rate of ascorbic acid oxidation has already been
discussed in Section I.IV.2 of this Chapter. Nonetheless, one possible metal ion
involvement not yet fully considered in reported studies is the promotion of specific
reaction pathways of the ascorbic acid degradation products. For instance, metal ions
can catalyse the decarboxylation of certain keto-acids (Prue, 1952; Cooper, Ginos &
Meister, 1983), and hence promote the decarboxylation of the keto-acids shown in
Figure 1.13. It is therefore an area requiring further research.

Tatum et co-workers (1969) who investigated the degradation of aqueous ascorbic acid
solutions, after boiling in an open vessel or under reflux for five hours, identified
degradation compounds similar to that found by Vernin et al. (1998) referred to above.
These included furans, lactones and 3-hydroxy-2-pyrone depending on the conditions
adopted. Kurata and Fujimaki (1976a) identified 5-hydroxy-2,3-diketopentanal as a
major intermediate product from dehydroascorbic acid in an aqueous solution (pH 2.2)
upon boiling, and provided evidence that xylosone was not a major dehydroascorbic
acid degradation product under such conditions. This is clearly different to the pathways
reported for the aerobic degradation of ascorbic acid at room temperature where
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xylosone is an important intermediate degradation product, and therefore highlights the
importance reaction conditions can have on the range of ascorbic acid degradation
products.

I.V.4. Impact of sulfur dioxide on the ascorbic acid degradation and its
degradation products

As described previously in Sections I.II and I.III of this Chapter, in the presence of
ascorbic acid, the main role of sulfur dioxide is to scavenge the hydrogen peroxide
formed from the aerobic oxidation of ascorbic acid, subsequently generating sulfate
(Figure 1.7A) (McArdle & Hoffmann, 1983). Alternatively, sulfur dioxide can also
react with dehydroascorbic acid and generate the corresponding hydroxysulfonate
(Figure 1.17). Of all the carbonyl groups present in dehydroascorbic acid, only the
mono-C4-substituted derivative has been reported (Wedzicha, 1984; Adams, 1997). The
combined effect of the already-substituted sulfonate group and the rigidity of the ring
system seem to prevent further attack by hydrogen sulfite, and other nucleophiles, on
the remaining carbonyl groups (Wedzicha, 1984). The dissociation constant for the
mono-hydroxysulfonate of dehydroascorbic acid has been reported to be 5.7 x 10-4 M
(Ingles, 1961; Wisser, Völter & Heimann, 1970), which implies it is relatively weak
compared to other binders of sulfur dioxide that may be present in wine (Table 1.1). The
reaction, however, appears to be rapid, as reported by Ingles (1961), who observed the
formation of crystals five minutes after the preparation of a concentrated solution of
dehydroascorbic acid (2.8 M) and sulfur dioxide (2.9 M).
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Figure 1.17: Reaction of sulfur dioxide with dehydroascorbic acid.

Some of the degradation products of dehydroascorbic acid may also bind sulfur dioxide,
including those shown in Figures 1.12, 1.13 and 1.14. However, the dissociation
constants listed in Table 1.1 imply that these compounds, or at least compounds with
related structures, are also relatively weak binders of sulfur dioxide compared to the
reaction of sulfur dioxide with acetaldehyde (Table 1.1). With only weak binding
occurring between the degradation products of dehydroascorbic acid and sulfur dioxide,
some degradation products may then undergo further degradation or reaction even when
sulfur dioxide is present. For example, it has been demonstrated that not only
dehydroascorbic acid can degrade to xylosone despite the presence of sulfur dioxide,
but also that the presence of sulfur dioxide enhanced the stability of the xylosone
(Whiting & Coggins, 1960).

On the other hand, irreversible binding between sulfur dioxide and 5-hydroxy-2ketopent-3-enoic acid, a proposed deoxy-compound formed during the aerobic
degradation of ascorbic acid, (Figure 1.12), may result in the formation of 5-hydroxy-2keto-4-sulfopentanoic acid (Figure 1.18A). The same sulfo-compound has been
identified during the incubation of xylose with sulfur dioxide at 135 C and pH 6.5
(Yllner, 1956; Hardell & Theander, 1971), and related sulfo-compounds have been
detected from solutions of sulfur dioxide and glucose. In support of such a mechanism,
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the step-wise addition of sulfur dioxide to 2-hydroxy-but-3-enoic acid resulted in 2hydroxy-4-sulfobutanoic acid (Hardell & Theander, 1971), albeit in an unbuffered
aqueous solution with a final pH of 6.0. Such irreversible binding to sulfur dioxide
would therefore prevent further dehydration of these unsaturated compounds to

, -

unsaturated carbonyl compounds. As a result, it appears that sulfur dioxide potentially
has an impact on the amount and type of low molecular mass degradation products
generated from dehydroascorbic acid.
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Figure 1.18: Reaction of sulfur dioxide with A: an aerobic degradation product of
ascorbic acid and B: an anaerobic degradation product of ascorbic acid. Compounds in
boxes have not been identified in ascorbic acid degradation solutions but are proposed
based on related studies.

The anaerobic degradation of ascorbic acid is also known to allow irreversible
consumption of sulfur dioxide (Wedzicha, 1984; Adams, 1997). This occurs via the
formation of 5-hydroxy-2-ketopent-3-enal (Figure 1.14), which then undergoes rapid
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reaction with sulfur dioxide to form the corresponding sulfo-derivative (Figure 1.18B).
Such a reaction is well known for ‘ -keto-ene’ compounds that may be generated from
the oxidation of sugars, with the resulting sulfo-compounds having a lower tendency to
participate in browning reactions (Wedzicha & Garner, 1991). Wedzicha and McWeeny
(1974) identified the 5-hydroxy-2-keto-4-sulfopentanal shown in Figure 1.18B from a
solution (pH 3.0) of ascorbic acid and sulfur dioxide after storage of the solution at
40 C. In addition, 5-hydroxy-2-keto-4-sulfopentanal was found to undergo further
sulfur dioxide binding, this time reversibly, resulting in a di-substituted addition product
(Figure 1.18B) (Wedzicha & Imeson, 1977). The precursor to the 5-hydroxy-2ketopent-3-enal compound, i.e., 4,5-dihydroxy-2-ketopentanal (Figure 1.14), was also
observed to undergo binding with sulfur dioxide, albeit in a reversible manner
(Wedzicha & Imeson, 1977).

The compounds mentioned above are intermediates in the anaerobic degradation
pathway that generates furfural as a final degradation product, and therefore the ability
of sulfur dioxide to combine irreversibly with 5-hydroxy-2-ketopent-3-enal is likely to
prevent the final dehydration step required for the formation of furfural. Importantly,
furfural, itself a weak binder of sulfur dioxide (Harris & Zoch, 1962; Makarov et al.,
1997) (Table 1.1), is known to participate in spoilage pigment production (Hodge, 1953;
Erdman & Klein, 1982; Es-Safi et al., 2000a; Shinoda et al., 2005; Nonier et al., 2006a;
Nonier et al., 2007). Yet, despite the known impact of temperature on the rate of the
anaerobic degradation of ascorbic acid (Finholt et al., 1965b; Anmo et al., 1971;
Niemelä, 1987; Rodriguez et al., 1991), there has been no study on the impact of
temperature on the rate of irreversible binding of sulfur dioxide during the anaerobic
degradation of ascorbic acid.
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Considering the aerobic degradation of ascorbic acid (Figure 1.9A) and subsequent
binding of sulfur dioxide to the corresponding degradation products, it is expected that
the mole ratio of consumed sulfur dioxide to oxidised ascorbic acid will be around 2:1,
assuming that both hydrogen peroxide and dehydroascorbic acid (or its degradation
products, e.g. as in Figure 1.18A), will each consume a molar equivalent of sulfur
dioxide. On the other hand, a mole ratio of 1:1 would be expected for the anaerobic
degradation of ascorbic acid (Figure 1.14), on the basis that the anaerobic degradation
products of ascorbic acid, particularly 5-hydroxy-2-ketopent-3-enal (Figure 1.18B), will
only consume a molar equivalent of hydrogen sulfite. Experimentally, the actual mole
ratio of consumed sulfur dioxide to oxidised ascorbic acid in an aerated model wine
system at 45 C, without added metal ions, was determined to be 1.7:1 (Bradshaw et al.,
2004). Unfortunately, the study by Bradshaw and co-workers (2004) did not provide a
measure of bound hydrogen sulfite and therefore does not allow further insights into the
modes of sulfur dioxide consumption (i.e., reversible versus irreversible binding). As
expected, given the slow anaerobic degradation rate of ascorbic acid at 45 °C (Table
1.3), the mole ratio reported by Bradshaw and co-workers is higher than the theoretical
mole ratio of 1.5:1 that would be obtained if both the anaerobic and aerobic
degradations of ascorbic acid occurred at the same rate and the sulfur dioxide to
ascorbic acid mole ratios were indeed 1:1 and 2:1, respectively.

Some comments can be made on the impact of ascorbic acid on the ratio of sulfur
dioxide to oxygen consumption in model wine systems. In the absence of ascorbic acid,
the mechanisms in Figure 1.7 suggest a mole ratio of consumed sulfur dioxide to
consumed oxygen of 2:1 which has been confirmed in model wine systems by
Danielwicz et al. (2008). In the presence of ascorbic acid, and assuming a 1:1 reaction
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between oxygen and ascorbic acid, the results of Bradshaw et al. (2004) imply a sulfur
dioxide consumption : ascorbic acid consumption : oxygen consumption mole ratio of
1.7:1:1, however, oxygen measurements were not made to confirm this ratio.
Nonetheless, these reported mole ratios of consumed sulfur dioxide to consumed
oxygen (i.e., 1.7:1 with ascorbic acid vs. 2:1 without ascorbic acid) suggest that a
comparable amount of sulfur dioxide will be utilised upon the ingress of a set amount of
oxygen into white wine regardless of the presence of ascorbic acid. Such a result is
consistent with the sulfur dioxide levels in Riesling and Chardonnay wines, bottled for
three-years with and without ascorbic acid that showed only slightly higher sulfur
dioxide concentrations in the wines to which ascorbic acid was added at bottling
(Skouroumounis et al., 2005). On the other hand, in the presence of ascorbic acid, the
rate of sulfur dioxide consumption would be expected to increase for a set amount of
oxygen ingress into the wine. This is due to the ability of ascorbic acid to react with
oxygen more rapidly than wine phenolic compounds and hence increase the rate of
production of hydrogen peroxide, which in turn would be scavenged by sulfur dioxide.

In summary, further studies including more control over the variables and specific
analyses of targeted degradation products and their sulfo-derivatives are required to gain
a proper understanding of the complex partnership between ascorbic acid and sulfur
dioxide in a wine environment.
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I.VI. CHAPTER SUMMARY

Bradshaw, in his PhD thesis (2001) who originated the present thesis, cited Porter
(1993) who wrote about ascorbic acid that ‘of all the paradoxical compounds, ascorbic
acid probably tops the list. It is truly a two-headed Janus, a Dr Jekyll-Mr Hyde, an
oxymoron of antioxidants’. The chemistry presented in this thesis review continues to
highlight the dual nature of ascorbic acid as both an anti- and pro-oxidant. The main
difficulty faced in attempting to establish criteria for the anti- and pro-oxidant effects,
based on results reviewed here, is the highly variable experimental conditions that have
been used. Further, many of the studies have either ignored or overlooked the potential
for trace contaminants, especially metal ions, to influence the degradation chemistry of
ascorbic acid. Several points however are clear. First, the degradation of ascorbic acid is
much more complicated than its oxidation to dehydroascorbic acid and hydrogen
peroxide, a point that many texts in food and wine chemistry will need to address.
Second, ascorbic acid is a highly efficient antioxidant in combination with sulfur
dioxide. Third, the capacity to enhance oxidation (pro-oxidant effect) only occurs when
sulfur dioxide and ascorbic acid are nearly depleted. Furthermore, ascorbic acid has a
mechanism to consume sulfur dioxide in the absence of oxygen but such a mechanism
would only appear significant at storage of wine at elevated temperatures. The role of
the degradation products of ascorbic acid/dehydroascorbic acid in the pro-oxidant effect
is far from apparent based on research published to date. While there is some
knowledge as to how degradation products can bring about further reactions including
pigment production and off-flavour development, considerable work is required before
a complete understanding on how ascorbic acid can lead to oxidative spoilage of food
and wine.
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I.VII. AIMS OF THE THESIS

The aims of this thesis were:

- to validate the reaction parameters of the system in which reactions are carried out in
order to compare outcomes across experiments and to relate the results to real wine;

- to evaluate the effect of varying reaction conditions on reaction outcomes in terms of
reaction kinetics as well as the range of reaction products;

- to determine how ascorbic acid can lead to enhanced colouration when phenolic
compounds are present in the reaction medium with emphasis on the participation of
ascorbic acid degradation products in enhancing wine colouration;

- to establish the range and extent of ascorbic acid degradation products formed under
aerobic and anaerobic wine conditions;

- to determine the effects of the presence of sulfur dioxide and metal ions on the range
of ascorbic acid degradation products and pigment formation under wine conditions;

- to assess the extent to which the ascorbic acid degradation products formed under wine
conditions can impact on the consumption of sulfur dioxide.
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CHAPTER II
MATERIAL AND METHODS

II.I. REAGENTS AND CHEMICALS

Water purified through a Milli-Q (Millipore) water system (ISO 9001) was used for all
solution preparations and dilutions. All glassware was soaked overnight in a 10% (v/v)
nitric acid (BDH, AnalR) and then rinsed with copious amounts of water. L-ascorbic
acid (99%), (+)-catechin hydrate (98%), potassium hydrogen tartrate (99%), d6-DMSO
(99.98%), L-(-)-xylose (99%), glyoxylic acid monohydrate (98%), sodium metabisulfite
(99%), copper(II) acetate (98%), 2-furoic acid (98%), furfural (99%) and 5,5´-dithiobis(2-nitrobenzoic acid) (DTNB) (> 98%) were purchased from Sigma-Aldrich.
Potassium hydroxide (AR grade, > 85%) was obtained from BDH, monosodium
phosphate monohydrate (>99%) from VWR International, disodium phosphate
heptahydrate from Mallinckrodt Chemicals and sulfuric acid (AR grade, > 95%),
hydrochloric acid (31.5%) and iron(II) sulfate heptahydrate (> 98%) from Ajax Fine
Chemicals. Ethanol (AR grade, > 99.5%, Ajax Fine Chemicals), methanol (AR grade, >
99.9%, Mallinckrodt Chemicals, USA), glacial acetic acid (AR grade, > 99.7%, APS
Ajax Fine Chemicals), formic acid (98%, Fluka), acetonitrile (HPLC grade, > 99.9%,
Ajax Fine Chemicals) and D2O (> 99%, Sigma-Aldrich) were used without further
purification. Acetonitrile (HPLC-NMR grade, Chromasol V) used for HPLC-NMR
experiments was glass distilled to remove impurities such as propionitrile.
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II.II. PREPARATION OF REACTION SOLUTIONS

II.II.1. Model wine systems

Tartaric acid-buffered model wine systems were prepared by dissolving 2.09 g of
potassium hydrogen tartrate and 0.990 g of potassium hydroxide in 1 L of 12% (v/v)
aqueous ethanol, resulting in a tartaric acid concentration of 0.011 M and a potassium
concentration of 0.026 M (1 g/L). Formic acid-buffered model wine systems were
prepared by dissolving 1.72 g of potassium hydroxide (0.026 M) in 1 L of 12% (v/v)
aqueous ethanol acidified with 423 L of 26 M formic acid (0.011 M). The pH of the
buffered solutions was adjusted to 3.2 ± 0.1 with 10% (v/v) sulfuric acid using a
Cyberscan® 510 ion pH meter and a EUTECH Instruments pH electrode. Tartaric acidand formic acid-buffered solutions without ethanol were prepared as above, but without
ethanol addition.

Alternatively (Chapter V), the tartaric acid-buffered model wine system was prepared as
per Clark et al. (Clark, Pedretti, Prenzler & Scollary, 2008). The model wine solution
was prepared by adding 0.011 M potassium hydrogen tartrate and 0.008 M tartaric acid
to aqueous ethanol (12%, v/v) and stirring overnight at room temperature. The pH of the
model wine solution was 3.2 ± 0.1, and measured as above.

When appropriate (Table 2.1), iron(II), copper(II) and sulfur dioxide were added from
stock solutions freshly prepared in water, from iron(II) sulfate heptahydrate
(12.452 g/L), copper(II) acetate (0.786 g/L) and sodium metabisulfite (22.256 g/L),
respectively.
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II.II.2. Primary reactants: ascorbic acid, (+)-catechin and dehydroascorbic acid

Ascorbic acid, (+)-catechin or dehydroascorbic acid were added as the commercial
solids to the appropriate model wine systems and concentrations as detailed in Table
2.1. In all experiments, the reactants were dissolved in 100 mL of the appropriate model
wine system and placed into 250 mL Schott bottles, except in Chapter VI, where the
anaerobic reaction vessels consisted of 12 mL Schlenk tubes containing 10 mL of
sample, and Chapter VII in which 150 mL solution were stored in 500 mL Schott
bottles. All samples were prepared in triplicate unless otherwise stated.

II.II.3. Storage conditions

Apart from Chapter VII, where the samples were stored at 20 °C, all samples were
stored at 45 °C in darkness for the duration of the experiment. All samples were aerated
on a daily basis for 2 minutes (i.e., to reach oxygen saturation conditions), except in
Chapter VI, where half the samples were prepared and kept under anaerobic conditions.

For anaerobic conditions (Chapter VI), the model wine system was sparged with
nitrogen for 20 minutes to remove any dissolved oxygen. The appropriate reactant was
added under a flow of nitrogen and the reaction vessels (12 mL Schlenk tubes) were
connected to previously nitrogen-filled balloons and tubings to ensure an oxygen-free
atmosphere (Figure 6.13, Chapter VI). Clamps were installed on all tubings to be able to
change/refill the balloons with nitrogen without introducing air into the reaction system.
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II.II.4. Additional conditions

Sterile conditions were applied to experiments employing ethanol-free model wine
systems (Chapters III and IV), as the absence of ethanol leads to microbial growth,
which not only introduces another reaction parameter, but also interferes in the
chromatographic separation. Reaction vessels, i.e., 250 mL Schott bottles and
corresponding lids, were initially sterilised by soaking in a 70% (v/v) ethanol solution
overnight. Lids were then loosely screwed on the Schott bottles and placed into an oven
at 90 °C for a few hours. In a laminar-flow fumehood, reaction solutions were then
filtered (0.22 m, cellulose acetate) into the previously sterilised vessels. During the
experiment, samples were exposed to the air in a sterile environment (i.e., laminar-flow
fumehood). All apparatus for sample preparation and sampling were previously
sterilised using a 70% (v/v) ethanol spray or ethanol wipes before being introduced into
the laminar-flow fumehood.

II.II.5. ‘Authentic’ glyoxylic acid-derived xanthylium cations and corresponding
ethyl esters

The preparation of xanthylium cation pigments and corresponding ethyl esters was
conducted as described by Clark et al. (Clark, Prenzler & Scollary, 2003). A solution of
(+)-catechin (150 mg/L, 5 mM), glyoxylic acid (0.25 mM) and copper(II) (0.6 mg/L)
was prepared in a tartaric acid-buffered model white wine. The solution was left to
incubate at 45 °C over three days.
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Table 2.1: Combinations of reactants and model wine system composition in all Chapters. AA: ascorbic acid; Cat: (+)-catechin; DHA:
dehydroascorbic acid; EtOH: ethanol; TA: tartaric acid; FA: formic acid; SO2: sulfur dioxide; Fe: iron; Cu: copper; T: temperature; O2: oxygen.

Chapter

Specific
experiment

V

VI

VII
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Model wine system

Storage conditions

Buffer

SO2
(mg/L)

Metal ions
(mg/L)

T
(°C)

O2

Additional
conditions

12

TA

--

--

20
45



--

--

12

TA

--

--

45



--

0.25

--

12

TA
FA

--

--

45



sterile

0.5

0.25

--

12

TA
FA

--

--

45



sterile

AA-induced
pigments

0.5

0.25

--

0 or 12

TA
FA

--

--

45



sterile

Pigment
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0.25

--

0 or 12

TA
FA

--

--
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1.0

0.5
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1.5 Fe(II)
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--

AA degradation
products

0.2
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0.2
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TA
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--

--

AA/SO2

0.041
0.082
0.165

0.100
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12

TA
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5 Fe(II)
0.2 Cu(II)
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--

AA
(g/L)

Cat
(g/L)

DHA
(g/L)

EtOH
(%, v/v)

Temperature

0.5

--

--

AA concentration

0.5
2.0
5.0

--

Buffer

0.5

Ethanol

III

IV

Reactants
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II.II.6. Isolation of the L-xylosone-derived (+)-catechin isomers

A pH 3.2 solution was prepared by dissolving potassium hydrogen tartrate (2.4 g) and
tartaric acid (1.2 g) in water (1 L). Ascorbic acid (1.0 g) and (+)-catechin (500 mg) were
added to the solution, followed by 1.5 mg/L iron(II) (in the form of iron(II) sulfate
heptahydrate), which was maintained in darkness at 45 °C, with daily aeration, until the
colourless products reached a maximum concentration (8 days as determined by UPLCDAD). At this time ascorbic acid (1.0 g) was added, to slow the otherwise rapid
degradation of the accumulated colourless products, and the 1 L sample was stored at
4 °C. The 1 L solution was then passed through a solid-phase extraction cartridge
(Strata C18-E, 70 g/150 mL, Phenomenex) to concentrate and provide a crude
purification of the isomers. The cartridge was first conditioned with 80% (v/v) aqueous
methanol containing 2% (v/v) formic acid (200 mL), followed by 2% (v/v) aqueous
formic acid (300 mL). The sample was absorbed and washed with 2% (v/v) aqueous
formic acid (300 mL) and eluted with 80% (v/v) aqueous methanol with 2% (v/v)
formic acid (200 mL). The eluent was concentrated three-fold under a stream of
nitrogen and injected directly onto preparative scale HPLC-DAD. Similar fractions
were combined and evaporated with a stream of nitrogen, and the aqueous residue was
freeze-dried to yield the first eluting isomer as a pale yellow powder (15.0 mg; 2%).
The second (major) isomer to elute was similarly isolated as a pale yellow powder
(25.0 mg; 4%).
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II.II.7. Synthesis of L-xylosone and subsequent reaction with (+)-catechin

The preparation of L-xylosone was conducted as described by Salomon et al. (Salomon,
Burns & King, 1952), following a method originating from Weidenhagen in 1937 using
copper(II) acetate (Weidenhagen, 1937). Briefly, L-xylose (1 g, 6.7 mmol) was
dissolved in aqueous methanol (95%, v/v; 60 mL), and the solution was boiled under
reflux until the xylose was fully dissolved. Copper(II) acetate (4 g, 21.6 mmol) was then
added in one portion, and the solution was boiled under reflux for a further 20 minutes.
After cooling, the copper(I) oxide was removed by filtration, and the concentrated
filtrate was percolated through a Chelex 100 ion-exchange resin (2.5 30 cm, Na+ form;
BioRad, USA) previously converted to the H+ form. L-Xylosone was eluted with
methanol to yield a pale yellow syrup (0.4 g, 40%).

L-Xylosone (1 g) was dissolved in a tartaric acid-buffered 12% (v/v) aqueous ethanol
model wine system (50 mL) as prepared above. (+)-Catechin (500 mg) was added, and
the solution was left to react in darkness at 45 °C. The formation of compounds 1 and 2
was monitored by UPLC-DAD every 12 hours.
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II.III. EXPERIMENTAL PROCEDURES FOR ANALYSES OF REACTION
SOLUTIONS

II.III.1. Absorbance measurements

Plate reader analyses were performed using a

Quant Universal microplate

spectrophotometer (Biotek Instruments) run by the software KC4 v 3.0 (Biotek
Instruments). Absorbance measurements were recorded over the range 200-750 nm. The
96 well plates were prepared by filling the first three wells with water or appropriate
model wine system (blank) and for each of the samples, filling three wells with 300 L
each.

II.III.2. CIELab® analyses

CIELab® measurements were conducted on a Shimadzu UV-1700 UV-visible
spectrophotometer with UVPC Colour Analysis software (version 3.00; Shimadzu
Scientific Instruments, Kyoto, Japan). The L*, a* and b* CIELab® values were
calculated at the daylight illuminant D65 and with a 10-degree observer angle. The
transmission was scanned over the range 380 to 780 nm with samples in 10 mm quartz
cuvettes. The model wine system was used as the blank solution.
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II.III.3. Free and total sulfur dioxide measurements

A multi-channel flow injection analyser (FIA) was utilised for the automatic and
simultaneous determination of free and total sulfur dioxide, composed of a FIAstarTM
5000 wine analyser and a 5027 sampler both run by the SoFIA software (service
pack 3). Milli-Q water was used as the blank and measurements were made in
triplicates.

The FIAstar technique provides results for the measurement of sulfur dioxide in wines
that are not statistically different from the more traditional measurement methods, such
as the aspiration-oxidation method (Patz, Menold, Giehl & Dietrich, 2007). Briefly, the
samples were injected in a phosphate buffer solution (pH 8.4) to which 5,5´-dithiobis(2-nitrobenzoic acid) (DTNB) reagent was then added and the stream heated to
50 °C. The DTNB reacts with all forms of sulfur dioxide (i.e., both bound and free) and
produces a strong yellow colour which is dialysed before the absorbance measurement
is recorded. The absorbance intensity was measured at 420 nm, thereby giving a
measure of the total sulfur dioxide. Similar to the more traditional measures of sulfur
dioxide, the free sulfur dioxide was quantified by prior acidification of the samples. In
this case, the samples were injected into a water carrier and then acidified with
hydrochloric acid to liberate sulfur dioxide in gaseous form from the samples. This free
sulfur dioxide is allowed to diffuse through a gas permeable membrane into the
phosphate buffer solution (pH 8.4) where it is measured as above.
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II.III.4. Reverse phase high performance liquid chromatography with diode
array detection (HPLC-DAD)

All reverse phase HPLC-DAD analyses were conducted on a Waters 2690 separation
module connected to a Waters 2996 diode array detector both run by Millenium32
chromatography manager software. The autosampler was set up at 8 °C for all analyses
to inhibit any ‘on-going’ reactions, especially during long analysis time.

The HPLC-DAD method utilised in Chapter III to assess the impact of the temperature,
initial ascorbic acid concentration (Sections III.III.1 and III.III.2) and used for fraction
collection (Section III.IV.2) was ‘optimised method’ as discussed in Chapter III, Section
III.II. The final ‘optimised method’ utilised a Phenomenex Synergy Hydro-RP C18
polar end-capped column (250 × 10 mm, 4
Octadecyl C18 (10

m) coupled to a Phenomenex ODS

10 mm) security guard column. The elution gradient consisted of

solvent A: 0.5% (v/v) acetic acid in water and solvent B: 0.5% (v/v) acetic acid in 100%
(v/v) acetonitrile, as follows (expressed in solvent A; %, v/v): from 100% to 98% in 20
minutes. The flow rate was 5 mL/min and the injection volume was 20

L.

Chromatograms and UV-visible spectra were recorded over the range 200-700 nm.

In Chapter III, Sections III.III.3 and III.III.4, and Chapter IV, the column was a
LiChrosphere RP C18 (250

4 mm, 5 µm) with integrated guard column of the same

type. Injection volume was 100 L and the elution gradient consisted of solvent A: 2%
(v/v) formic acid in water and B: 2% (v/v) formic acid in 80% (v/v) acetonitrile, as
follows (expressed in solvent A; %, v/v): from 95 to 50% over 45 minutes, down to
20% in 5 minutes and to 0% in 10 minutes; after 10 minutes at 0%, up to 95% in
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5 minutes followed by 15 minutes at 95%. The flow rate was 0.8 mL/min.
Chromatograms and UV-visible spectra were recorded over the range 200-700 nm.

II.III.5. Ion exclusion HPLC-DAD

In Chapter VI, the ion exclusion HPLC-DAD method was set up as per Yuan and Chen
(1998a, 1998b). The analyses were conducted on a Waters 600 separation module
connected to a Waters 2996 diode array detector both run by Millenium32
chromatography manager software. The column was a Bio-Rad Aminex HPX-87H (300
7.8 mm, 9 µm) with integrated guard column of the same type. The temperature of the
autosampler was set up at 8 °C and the column temperature was maintained at 25 °C.
The injection volume was 20

L and the isocratic solvent consisted of 81% (v/v)

0.005 M sulfuric acid in water and 19% (v/v) acetonitrile. The flow rate was 0.5
mL/min. Chromatograms and UV-visible spectra were recorded over the range 200-700
nm.

The same ion exclusion HPLC-DAD method and apparatus were used in Chapter VII
for the quantification of ascorbic acid, (+)-catechin, 3-hydroxy-2-pyrone, 2-furoic acid
and furfural.
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II.III.6. Ultra performance liquid chromatography with diode array detection
(UPLC-DAD)

In Chapters V and VII (quantification of (+)-L-xylosone-catechin-derived isomers and
xanthylium pigments), chromatographic analyses were conducted on a UPLC system
consisting of a Waters Acquity binary solvent manager connected to a sample manager
and a diode array detector all run by Empower2® chromatography manager software.
The column was a Waters Acquity BEH C18 (2.1

50 mm) with 1.7 μm particle

diameter; injection volume was 7.5 μL, column temperature 35 °C, and flow rate 0.45
mL/min. The elution gradient consisted of solvent A, 0.5% (v/v) acetic acid in water,
and solvent B, 0.5% (v/v) acetic acid in methanol, as follows (expressed in solvent A
followed by cumulative time; %, v/v): 100%, 0 min; 100%, 1 min; 95%, 1.31 min; 62%,
5.25 min; 56%, 6.27 min; 48%, 6.34 min; 45%, 7.22 min; 0%, 8.85 min; 0%, 9.40 min;
100%, 8.74 min; and 100%, 9.76 min. The mobile phase was degassed and filtered
using a filtration system and 0.22 m cellulose acetate filters for aqueous solvents and
0.22 m nylon filters for organic solvents. All samples were filtered using 0.22

m

cellulose acetate filters prior to injection.

II.III.7. Preparative HPLC-DAD

In Chapter III, the semi-preparative HPLC-DAD method and apparatus used for
collecting fractions of the ascorbic acid degradation solution was the ‘improved
method’ as described in Section III.II, Chapter III. The ‘improved method’ is essentially
the same as the ‘optimised method’ described in Section II.III.4 of this Chapter except
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for an isocratic elution gradient consisting of 9:1 (v/v) solvents A:B as per Section
II.III.4 of this Chapter. The injection volume was 250 L.

In Chapter V, preparative HPLC-DAD separations were conducted on a Perkin-Elmer
250 binary LC pump connected to a Varian 320 Pro Star UV-visible detector (280 nm)
controlled by a Varian Star (v 6.41) chromatography workstation. The injection volume
was 2 mL and flow rate 2 mL/min. The elution gradient consisted of solvent A: 2%
(v/v) formic acid in water, and solvent B: 2% (v/v) formic acid in 80% (v/v)
acetonitrile, as follows (expressed in solvent A followed by cumulative time; %, v/v):
100%, 0 min; 85%, 5 min; 71%, 35 min; 0%, 40 min; 0%, 50 min; 100%, 55 min;
100%, 60 min. Lyophilisation of the fractions was performed on a Christ-Alpha 2-4D
freeze-dryer (Biotech International).

II.III.8. High performance liquid chromatography coupled to mass spectrometry
(HPLC-MS)

In Chapter III, Section III.IV, the HPLC-MS method for the analysis of fractions
collected from the semi-preparative HPLC-DAD method (Section II.III.7 above) were
performed on a Spectra SYSTEM LC run by Xcalibur software with a P4000 sample
pump and AS3000 autosampler. The column was a security guard column using two 4
2 mm Phenomenex C18 cartridges with 4 µm particle diameter. Elution conditions were
0.15 mL/min flow rate with an injection volume of 20 µL. The isocratic solvent
consisted of a water/acetonitrile (9:1, v/v) mixture, adjusted to the desired pH value.
The mobile phase at pH 3 consisted of 0.5% (v/v) of acetic acid in a (9:1, v/v)
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water/acetonitrile solution. The mobile phase was adjusted to pH 2 with formic acid and
to pH 4 and 5 with a 28% (v/v) ammonia solution a using a Cyberscan® 510 ion pH
meter and a EUTECH Instruments pH electrode. MS experiments were conducted on a
Finnigan AQA quadrapole MS with an electrospray source. The ionisation was
achieved by ESI (i.e., electrospray ionisation) using the appropriate mode (positive,
negative or both). The acquisition rate was set up at 0.5 scans per second when
acquiring in both ionisation modes and 3 scans per second when using only one. The
mass spectrum range was set up in accordance to the molecular mass of the analyte and
was also limited by the acquisition rate allowed. The probe and cone voltages and the
probe temperature consisted of the optimisation parameters and were set up as detailed
in Chapter III, Section III.IV.1. The standard solutions were prepared by dissolving or
diluting the right amount of product (100 mg/L) in the mobile phase at pH 3 except for
the dehydroascorbic acid solutions (20 mg/L) due to a low solubility. The solutions
were kept in darkness at room temperature during the time of the experiment.

In Chapter IV, the HPLC-MS analyses were performed using a Spectra SYSTEM LC
run by Xcalibur® software with a P4000 sample pump and AS3000 autosampler. The
HPLC-MS method was based on the HPLC-DAD method utilised in the same Chapter
(Section II.III.4 of this Chapter), using a LiChrosphere RP C18 column (250

4 mm,

5 µm). However, the elution gradient utilised in the HPLC-DAD method (Section
II.III.4 of this Chapter), had to be modified to satisfy mass spectrometry detection
requirements and consisted of solvent A: 0.3% (v/v) formic acid in water and B: 0.3%
(v/v) formic acid in 80% (v/v) acetonitrile, as follows (expressed in solvent A; %, v/v):
from 95 to 65% over 5 minutes, down to 50% in 15 minutes, then to 20% in 5 minutes
and to 0% in 15 minutes; after 30 minutes at 0%, up to 95% in 10 minutes followed by
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10 minutes at 95%. Flow from the column was split so that it decreased from
0.8 mL/min to 0.1 mL/min with an injection volume of 20 µL. The Finnigan AQA
quadruple MS was equipped with an electrospray source to achieve ionisation (ESI).
Positive ionisation was achieved with a probe voltage set up at +3 kV, cone voltage at
+10 V and probe temperature set up at 190 °C, according to the flow rate MS user’s
guide.

In Chapter V, HPLC-MS analyses were conducted on an Agilent 1200 series triplequadrapole (6410). The HPLC-MS analyses on the isomers were conducted as per
Lutter et al. (2007). Analyses of the xanthylium cations were performed using the
column and HPLC conditions were as described for the UPLC-DAD method above
(Section II.III.6 of this Chapter), except for an injection volume of 20 μL. The MS was
operated with drying gas temperature at 350 °C, gas flow of 9 L/min, nebuliser pressure
at 40 psi, and capillary voltage at 4 kV. MS analyses for the xanthylium cations were
carried out in the positive ion mode with the fragmentor at both 50 and 150 V, the
former providing parent ion signals and the latter inducing fragmentation.

II.III.9. High resolution-mass spectrometry (HRMS)

HRMS data were obtained on a 4.7 T Fourier transform-ion cyclotron resonance (FTICR) Bruker Apex 3 mass spectrometer, running Bruker X-Mass software (v 7.0.2). The
instrument was calibrated using sodium iodide in methanol. The samples were dissolved
in methanol and infused at a flow rate of 150 μL/min in negative ionisation mode
(ESI-). The mass range scanned was 45-1000 amu. Capillary exit voltage was -50 V,
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and drying gas temperature was 120 °C. Elemental analysis was run on a VG Opus 3.6
data station running VG elemental program.

II.III.10. Nuclear magnetic resonance (NMR)

NMR data were acquired on a Bruker DRX600 NMR spectrometer operating at a
frequency of 600.18 MHz at 25 °C using TopSpin (version 1.3, Bruker GMBH).
Samples were prepared in d6-DMSO in Shigemi tubes (Sigma-Aldrich) and degassed
(argon) before sealing. Spectral widths were set to allow at least 0.5 ppm either side of
observed resonances. 1D NMR spectra were recorded (6009.62 Hz) with 32K data
points zero filled to 64K and resolution enhanced using a Gaussian multiplication of the
raw FID (Gaussian broadening = 0.2, line broadening = -2 Hz) before Fourier
transformation. All 2D NMR experiments were run with quadrature detection with a 1H
spectral width of 6009 Hz and a recycle delay of 2 s. Chemical shifts were referenced to
the residual d5-DMSO (δH 2.49 ppm; δC 39.8 ppm). High-power 1H π/2 pulses were
determined to be 11.2 s and low power (for MLEV spin lock), 30 ms. The

13

C high-

power π/2 pulse was 11.0 s, and a low-power pulse of 65 s was used for GARP4
decoupling. Gradient pulses were delivered along the z-axis using a 100 step sine
program.

Homonuclear proton-proton correlation was achieved with the exclusive correlation
Spectroscopy (eCOSY) sequence (Griesinger, Sørensen & Ernst, 1987) using gradient
pulses for selection. The data were recorded in 4K data points in t1 and in 512Kdata
points in t2. Points were predicted out to 8K data points in t2 and 1K data points in t1
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(maximum entropy) and zero filled to 8K and 4K data points, respectively. The data
were processed using a π/2 sine-bell shifted apodisation in both dimensions and
carefully phase corrected. Total correlation spectroscopy (TOCSY) experiments were
recorded over 2K data points in t2 and 512 in t1 using the X_M16 sequence (Peti,
Griesinger & Bermel, 2000) for the mixing time (30 ms; P29 = 50 μs, SP0 = 8.86 dB).
The data were processed using a π/2 sine-bell shifted apodisation in both dimensions.
Heteronuclear single quantum coherence (HSQC) spectra were recorded over 2K data
points in t2 and 512 data points in t1 (10-170 ppm) using the sensitivity-enhanced
double insensitive nuclei enhanced by polarisation transfer (INEPT) transfer with no
trim pulses and adiabatic pulses for 13C decoupling in f2 (Schleucher et al., 1994). The
spectra were made phase sensitive using echo-antiecho gradient selection (80:20:11:-5).
Long-range 1H-13C heteronuclear multibond correlation (HMBC) spectra were recorded
with 2K data points in t1 (10-210 ppm) and t2 and processed with magnitude
calculation in f1 to destroy all phase information. Spectra were obtained with a low-pass
J-filter (145 Hz) to suppress one-bond correlations. No decoupling was used during the
acquisition, and gradient pulses (50:30:40:1) were used for selection. Two experiments
were run, optimised for a 20 and 2 Hz long-range coupling, respectively. Through-space
connectivities were obtained using 2D homonuclear correlation via dipolar coupling
rotating frame Overhauser effect spectroscopy (ROESY) using phase sensitive echoantiecho gradient selection with a 250 ms mixing delay (2K

94
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II.III.11. High performance liquid chromatography coupled to nuclear magnetic
resonance (HPLC-NMR)

Analyses were performed using a 500 MHz Varian Unity INOVA spectrometer
maintained at a constant temperature of 23 °C. The system was equipped with a Varian
1

H[13C] pulsed field gradient (PFG) flowprobe with a flow cell of 60 µL (active

volume) coupled to a Varian Prostar 230 Solvent Delivery Module equipped with a
Varian Prostar 335 PDA detector and a Prostar 430 Autosampler. Solvents for HPLCNMR included HPLC-NMR grade D2O and acetonitrile (Chromasol V) which had been
glass distilled to remove impurities such as propionitrile. HPLC-NMR experiments
were performed by commencing the CORBA™ server communication between the
HPLC and NMR and then runs were managed using Varian VNMRJ (version VNMRJ
2.1b). Isocratic HPLC conditions of 10% (v/v) CH3CN:D2O were carried out using a
Varian Polaris C18 (150

4.6 mm, 5 µm) column at 1.0 mL/min. The WET (water

suppression enhanced through T1 effect) NMR solvent suppression pulse sequence used
to suppress the solvent satellites and residual water peaks was as per Smallcombe et al.
(1995). For on-flow and analytical stop-flow HPLC-NMR experiments, a 50 µL
injection of the degrading ascorbic acid solution (5 g/L) was used with monitoring at
280 and 254 nm.
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CHAPTER III1
DEGRADATION OF ASCORBIC ACID IN A MODEL WINE:
PRELIMINARY INVESTIGATIONS

III.I. INTRODUCTION

The use of ascorbic acid as an antioxidant in white wine, undergoing oxidation in
preference to other oxidisable species present in wine, is considerably more complex
than it seems from first impressions. There is now sufficient evidence highlighting the
controversy of ascorbic acid as an effective antioxidant in white wine or model systems
relevant to white wine. For example, while Skouroumounis et al. (2005) claimed the
beneficial role of ascorbic acid in protecting white wine against spoilage reactions,
some authors involved in this study previously reported that ascorbic acid eventually
acted as a pro-oxidant (Peng, Duncan, Pocock & Sefton, 1998). While perhaps it is
surprising that apparently opposing results could appear from the same institution, it
must be noted that the systems used in the two studies are markedly different: one being
wine stored under ideal conditions, the other being a model with more extreme storage
conditions. This example serves to illustrate the complexity in drawing general
conclusions from published work as the many and varied reaction conditions would
appear to impact on the assessment of ascorbic acid‟s potential to act as an antioxidant.

1

In this Chapter, some of the experiments were conducted in France, at AgroParisTech, while others were
performed in Australia, at the National Wine and Grape Industry Centre.
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Most of the studies conducted on ascorbic acid and its impact on food stuffs have been
performed in model systems ranging from solid, aqueous or non-aqueous media that
utilise specific degradation conditions, e.g. high or low temperatures and variable
oxygen content. In other words, the model studies were generally performed in an
environment removed from wine conditions, especially with respect to pH, ethanol
concentration and storage temperature. On the other hand, it is apparent from the first
chapter of this thesis that ascorbic acid‟s reactivity is markedly dependent on the
chemical and environmental conditions used in experiments designed to assess its
consumption rate as well as the range of the degradation products formed and their
kinetics of formation and degradation.

Modelling the capacity of ascorbic acid to act as an antioxidant can also be confounded
due to the potential reactivity of some of its known degradation products. For example,
hydrogen peroxide is known to exhibit oxidising properties (Sections I.IV.3 and I.V.1.2,
Chapter I) and therefore, any model system used must allow the identification of any
hydrogen peroxide contribution to oxidative processes. On the other hand, some
aldehyde degradation products, such as furfural, have recently been incriminated in
pigment formation, a quality defect in white wine (Section I.I.2.2, ChapterI).
Consequently, the development of a model that is sufficiently robust to allow a clear
focus on the role of ascorbic acid itself in antioxidant and pro-oxidant processes is
critical.
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III.I.1. Chapter aims

The degradation of ascorbic acid is highly dependent on chemical (pH, oxygen
concentration and ethanol concentration) and environmental (temperature, light) factors.
These parameters may influence the ascorbic acid degradation kinetics as well as the
type of compounds produced and their respective kinetics of formation and degradation.
Therefore, in order to model the behaviour of ascorbic acid in wine, several chemical
and environmental parameters relevant to white wine conditions were investigated to
determine the most meaningful conditions to achieve such modelling within a
reasonable time frame. That is, the prime focus was to validate the model wine system
used in this thesis. In addition, preliminary investigations on the ascorbic acid
degradation products were carried out by means of high performance liquid
chromatography with diode array (HPLC-DAD) or mass spectrometry detection
(HPLC-MS) and data analysis using chemometrics.

III.II. OPTIMISATION OF A HPLC-DAD METHOD FOR ASCORBIC ACID
AND ITS DEGRADATION PRODUCTS

The first step of these preliminary experiments was to establish a robust
chromatographic method to monitor the decay of ascorbic acid as well as the formation
and subsequent decay of its degradation products. It was expected that identification of
the degradation products would require their isolation and subsequent purification
before separate off-line analyses using, for example, nuclear magnetic resonance
(NMR) or HPLC-MS. Therefore, this section focuses on the optimisation of a
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chromatographic monitoring method which would be suitable for the set-up of a semipreparative chromatographic technique.

Previous work on the degradation of ascorbic acid in model wine systems by Bradshaw
(2001) employed an analytical HPLC-DAD method (Table 3.1) which formed the basis
for the optimisation trials. Some of the modifications (Table 3.1) included the change
from methanol to acetonitrile, i.e., solvent B, to eliminate the contribution of the elution
solvent to exchangeable protons for subsequent NMR experiments (on fractions
collected from the semi-preparative method or by means of on-line HPLC-NMR). The
stationary phase of the column was also changed to a new generation (i.e., as of 2005)
of C18 reverse-phase with polar-end capping, so the C18 chains are not collapsed by a
polar mobile phase, consequently improving the separation of the analytes under
conditions to be used in this study (Table 3.1).

Table 3.1: Comparison of chromatographic parameters. % expressed in v/v.
Previous methoda

Improved method

A

0.5% acetic acid in water

0.5% acetic acid in water

B

0.5% acetic acid in methanol

0.5% acetic acid in acetonitrile

Elution

Gradient
100% A to 100% B in 112 min back to
100% A in 8 min

Isocratic
90% A – 10% B

Flow rate

0.15 mL/min

5 mL/min

SGE Wakosil C18RS glass-lined
5 m
250 × 2 mm

Phenomenex Synergy Hydro-RP C18
polar end-capped
4 m
250 × 10 mm

Solvent

Column
a

100
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Figure 3.1 shows the chromatograms of a degraded ascorbic acid solution (0.5 g/L) at
various wavelengths obtained with the „improved method‟ (Table 3.1). Although the
analysis time was shortened and the peak separation improved compared to the
„previous method‟ (Table 3.1), detection of ascorbic acid and its degradation products at
several wavelengths still showed a relatively poor separation at the beginning of the
chromatogram (Figure 3.1).
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Figure 3.1: Chromatograms at various wavelengths of a 0.5 g/L ascorbic acid solution
after 2 days degradation at 45 °C using „improved method‟. Tartaric acid-buffered 12%
(v/v) aqueous ethanol model system. The negative peaks come from the HPLC mobile
phase, which in this region absorbs more than the sample itself.

The „improved method‟ was further optimised as shown by the investigated parameters
in Table 3.2. Factors such as the polarity of the mobile phase, the acid strength and the
gradient ramp (Table 3.2) were investigated by injecting a degraded ascorbic acid
solution (0.5 g/L) and comparing the chromatographic profiles. The resulting method is
called „optimised method‟ and highlighted in yellow in Table 3.2.
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Table 3.2: Chromatographic separation parameters. Optimum conditions are
highlighted in yellow. TFA: trifluoroacetic acid. % expressed in v/v.
Isocratic1
water : acetonitrile

Polarity

Acid
strength

70:30

0.5%
acetic
acid

90:10

0.5%
TFA
pH=1.30

0.5%
acetic acid
pH=2.93

Gradient2
time in minutes (% water)
0 (100)

0 (100)

0 (100)

0 (100)

0 (100)

0 (100)

5 (98)

10 (98)

20 (98)

5 (98)

5 (98)

15 (100)

10 (95)

20 (95)

40 (95)

15 (95)

20 (95)

20 (98)

20 (90)

30 (90)

60 (90)

20 (90)

25 (90)

0.5% acetic acid

Experiments conducted in France at AgroParisTech.
2 Experiments conducted in Australia at the National Wine and Grape Centre.
1

Figure 3.2 shows the chromatograms (280 nm detection) of an ascorbic acid solution
(0.5 g/L) after 3 (Figure 3.2A) and 4 days degradation (Figure 3.2B) with the optimum
separation that could be achieved. Although the peaks at the beginning of the
chromatogram remained not well defined (encircled, Figure 3.2B), further improvement
of the chromatographic separation could not be accomplished. This is possibly due to
the type of column (C18, reverse-phase) employed here which might not be optimum
with regards to the separation of these early peaks. As deduced by their retention times,
the compounds corresponding to these early-eluting peaks are the most polar
degradation products as opposed to the other well-separated peaks (peaks 1-3, Figure
3.2). Further aspects of the separation are discussed in chapter VI.

Under the condition used in this experiment, ascorbic acid (peak labelled AA in Figure
3.2) is still present on day 3, while several other peaks can also be observed, indicating
the extensive degradation of ascorbic acid that has occurred. On day 4 (Figure 3.2B),
most of the ascorbic acid has decayed and the other peaks have increased in area. The
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later peaks on the chromatograms, and therefore the least polar under the
chromatographic conditions used here (peaks 1-3, Figure 3.2), were the most stable over
time and best separated. However, the group of peaks eluting early, hence the most
polar compounds (encircled in Figure 3.2B) were not very stable over time and difficult
to monitor due to their short life and co-elution.

A

B

Figure 3.2: HPLC-DAD chromatograms at 280 nm of an ascorbic acid solution after A:
3 days and B: 4 days of degradation using „optimised method‟. [AA] = 0.5 g/L, tartaric
acid-buffered 12% (v/v) aqueous ethanol model wine system, 45 °C.

As a result, many of the degradation products of ascorbic acid could not be fully
resolved using this HPLC-DAD method, only providing pure absorbance spectra for
peaks 1-3. However, the chromatographic profiles were considered to be of sufficient
quality to allow accurate monitoring of ascorbic acid and its degradation products and
evaluate the impact of model wine components and ageing conditions on their kinetics
of degradation and/or formation.
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III.III. INFLUENCE OF THE MODEL WINE COMPONENTS AND AGEING
CONDITIONS

The degradation conditions employed throughout this thesis were based on previous
work from Bradshaw and co-workers (2001) who investigated the ascorbic acid
degradation in model wine systems and its impact on the pigmentation of polyphenol
solutions. The ascorbic acid solutions generally consisted of 0.5 g/L ascorbic acid
dissolved in a model wine system, containing 0.011 M tartaric acid and 0.026 M
potassium in a 12% (v/v) aqueous ethanol solution, buffered to a pH of 3.20 ± 0.01. The
solutions were left to react in darkness at 45 °C, in order to model accelerated ageing
conditions, and aerated on a daily basis to replenish the oxygen content and achieve an
oxygen-saturated atmosphere.

Earlier in this chapter, the apparent conflict in the literature on ascorbic acid‟s
antioxidant properties was introduced. There is therefore an absolute need to validate
the model wine and degradation parameters used in this thesis, so the impact of the
model wine components and accelerated ageing conditions on the degradation of
ascorbic acid can be assessed. A range of degradation factors were investigated,
including the degradation temperature, the initial ascorbic acid concentration, the
supporting model wine buffer and the presence or absence of ethanol.
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III.III.1. Influence of temperature1

Previous investigations by Bradshaw (2001) on ascorbic acid‟s degradation, which form
the basis of the work undertaken in this thesis, were conducted solely at a temperature
of 45 °C. Such an elevated temperature, although not commonly encountered in real
wine processing and/or storage conditions, is similar to that used in other model wine
studies performed under accelerated ageing conditions (Simpson, 1982; Fulcrand,
Cheynier, Oszmianski & Moutounet, 1997; Peng et al., 1998; Rojas & Gerschenson,
2001) and was generally adopted here to understand oxidation processes within a
reasonable time frame. Limited literature is available on comparative experiments on
the ascorbic acid degradation in model systems between elevated (e.g. 45 °C)
temperatures and ones closer to wine storage conditions. This comparative information
is vital to the validity of the model wine system being developed for this thesis.

Consequently, the degradation of ascorbic acid was performed at 45 and 20 °C. The
samples consisted of 0.5 g/L ascorbic acid in a 12% (v/v) aqueous ethanol model wine
system, and the decay of ascorbic acid as well as the formation of its degradation
products were monitored by HPLC-DAD. As expected, the main difference between the
two chosen temperatures was observed in the degradation timeframe of ascorbic acid.
At 45 °C, 0.5 g/L ascorbic acid was depleted in 4 days, while at 20 °C, ascorbic acid
was still present after 31 days. The former is in accordance with the results of Bradshaw
et al. (Bradshaw, Cheynier, Scollary & Prenzler, 2003) and consistent with the
dependence of oxygen consumption in wine on temperature (Moutounet & Mazauric,
2001; Karbowiak et al., 2010).
1

Experiments performed in Australia at the NWGIC, using the HPLC-DAD „optimised method‟
(conditions highlighted in yellow, Table 3.2, Section III.II of this Chapter).
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Examination of the chromatograms for both degradation temperatures was performed at
several wavelengths and showed that, based on matching retention times and extracted
absorbance spectra, similar degradation products were formed albeit to a greater extent
at 45 °C (Figure 3.3). The degradation of ascorbic acid was monitored for 14 days at
45 °C as most of the early peaks, present at the beginning of the chromatograms
between 2.0 and 3.5 minutes (Figure 3.3) were not detectable past this time under the
conditions used here. The other remaining peaks appeared to either plateau in intensity
or exhibit gradual loss (peaks 1-3, Figure 3.3). The degradation at 20 °C was followed
for about two more weeks until the chromatograms resembled the profiles obtained
under the 45 °C conditions after 14 days. The chromatograms for the ascorbic acid
degradation at 20 °C showed an identical peak distribution to that of the degradation at
45 °C.
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Figure 3.3: Comparison of HPLC-DAD chromatograms at 280 nm of a 0.5 g/L ascorbic
acid solution degraded at 45 °C after 3 days (blue) and at 20 °C after 31 days (red).

Although the literature reports the impact of the temperature on the degradation of
ascorbic acid as having quite a dramatic effect on the range of degradation products
formed (Niemelä, 1987; Vernin, Chakib, Rogacheva, Obretenov & Parkanyi, 1998), the
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experiment above showed that within the temperature range used throughout this thesis,
i.e., 20-45 °C, the degradation products of ascorbic acid remain essentially the same,
with the major impact being on reaction kinetics. In other words, this experiment
confirmed that a temperature of 45 °C is suitable to examine the accelerated degradation
of ascorbic acid. All further experiments were therefore conducted at 45 °C, except in
Chapter VII.

III.III.2. Influence of the initial concentration of ascorbic acid1

Studies by Bradshaw et al. (2003) examined the decay of ascorbic acid by square wave
voltammetry within the concentration range 0.2-1.0 g/L. The results showed that at
45 °C, ascorbic acid was depleted in 2, 4 and 8 days for initial concentrations of 0.2, 0.5
and 1.0 g/L, respectively (Bradshaw et al., 2003). Examination of the HPLC-DAD
chromatograms at all ascorbic acid concentrations showed the same distribution of
peaks regardless of the initial concentration, only differing by their intensity on the
chromatograms (Bradshaw et al., 2003).

In this thesis, a similar experiment was performed although at much higher ascorbic
acid concentrations, namely 0.5, 2.0 and 5.0 g/L. Such high levels were chosen as a
basis for future NMR analyses (Chapter VI) as well as for planned collection of
fractions from semi-preparative HPLC.

1

Experiments performed in France at AgroParisTech, using the HPLC-DAD „optimised method‟
(conditions highlighted in yellow, Table 3.2, Section III.II of this Chapter).
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Therefore, the degradation of highly concentrated solutions of ascorbic acid (up to
5 g/L) was performed to ensure such levels had no significant impact on the degradation
products. As observed by Bradshaw et al. (2003), the chromatograms showed the same
distribution of peaks (Figure 3.4), for ascorbic acid concentrations ranging from 0.5 to
5.0 g/L.

1

A
AA

3
2

B

C

Figure 3.4: HPLC-DAD-chromatograms at 280 nm of A: 0.5, B: 2.0 and C: 5.0 g/L ascorbic
acid after 4 days degradation at 45 °C. The vertical axis, representing the intensity of the
chromatographic peaks, is of different scale for each chromatogram.

Figure 3.5 shows the decay of ascorbic acid and the formation of peak 2, as shown in
Figure 3.4, over 14 days. Peak 2 is shown as an example demonstrating the similarity in
increase and subsequent decay of the degradation peaks regardless of the initial
concentration of ascorbic acid. The intensity of peak 2 was directly related to the initial
concentration of ascorbic acid, with a maximum reached at day 2, 6 and 9 for 0.5, 2.0
and 5.0 g/L ascorbic acid, respectively. Nevertheless, the formation and decay of peak 2
followed a same profile regardless of the initial ascorbic acid concentration (Figure 3.5).
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Peaks 1 and 3, as labelled in Figure 3.4, also showed similar behaviour regardless of the
initial concentration of ascorbic acid. This fact combined with the similar distribution of
peaks on the chromatograms (Figure 3.4) re-enforce the observation of Bradshaw et al.
(2003) that within the concentration range studied in this experiment (i.e., 0.5-5.0 g/L),
the initial concentration of ascorbic acid does not impact on the nature of the
degradation products, but only on their rates of formation and decay.

Figure 3.5: Peak area at 280 nm of ascorbic acid (AA, left hand side axis) and peak 2
(peak labelled in Figure 3.4, right hand side axis).

The outcome of these degradation experiments at different initial ascorbic acid
concentrations is of major importance for further identification experiments as the usual
ascorbic acid concentration added to white wine, around 50-100 mg/L (Zoecklein,
Fugelsang, Gump & Nury, 1995; Rankine, 2002; Skouroumounis et al., 2005), does not
allow sufficient product formation for detection by analytical techniques or isolation by
semi-preparative techniques. Therefore, ascorbic acid solutions, more concentrated than
what would be generally employed in white wine, will be utilised when performing
identification experiments in this thesis.
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III.III.3. Influence of supporting buffer1

Tartaric acid is often used as the supporting buffer in model wine systems (Wildenradt
& Singleton, 1974; Es-Safi, Cheynier & Moutounet, 2003; Danilewicz, 2007) due to its
major contribution as an acid in white wine (Zoecklein et al., 1995; Rankine, 2002).
However, tartaric acid is a chiral molecule which could potentially act as a reaction
mediator and impact on the kinetics and/or range of products emanating from ascorbic
acid, a chiral compound itself. In addition, tartaric acid is known to participate in
pigment formation via the production of glyoxylic acid (Section I.I.2.2, Chapter I).

Therefore, the degradation of ascorbic acid was compared in model wine systems
buffered with either tartaric acid or formic acid, the latter being a non-chiral molecule.
Both model systems were prepared in a similar manner, so the final amounts of
potassium and organic acids were equivalent and adjusted to a same pH of 3.20 ± 0.01.

Examination of the chromatograms (Figure 3.6A-C) showed a similar pattern in the
decay of ascorbic acid as well as the formation of its degradation products. Ascorbic
acid (0.5 g/L) was depleted in 4 days regardless of the supporting buffer, therefore
highlighting that the chirality of the model wine supporting buffers has a negligible
impact on the decay of ascorbic acid.

Figure 3.6 shows the degradation chromatograms of ascorbic acid in the formic acid and
tartaric acid systems at day 4 (A), 8 (B) and 12 (C), as these days were critical to the
formation of the ascorbic acid degradation products. Although there were some
1

Experiments performed in Australia at the NWGIC, using the HPLC-DAD method utilised in
Chapter IV.
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variations possibly due to the stability of the samples in the autosampler, no significant
(p = 0.05) difference in the rate of formation and identity of the ascorbic acid
degradation products was observed. The autosampler of the HPLC was maintained at a
minimum temperature of 8 °C, to limit further reactions but not to induce tartaric acid
crystallisation; however, this might not have been sufficient to fully prevent the
sample‟s degradation during time in the sample queue. Indeed, Margolis and Park
(2001) found that transition metals bound to the surface of autosampler vials could
catalyse ascorbic acid degradation in such timeframe and account for ascorbic acid
measurement variations by HPLC-DAD.
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Figure 3.6: HPLC-DAD chromatograms at 280 nm of the ascorbic acid degradation in
formic acid (red) and tartaric acid (blue) model wine systems at A: day 4, B: day 8 and
C: day 12. The 3 replicates are shown for each supporting buffer. Right hand side plots
are enlargements of the left hand side plots.
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While the different supporting buffers in the model wine system did not affect ascorbic
acid decay and the formation and identity of its degradation products, the implication of
the use of the formic acid and tartaric acid supporting buffers in relation to pigment
development is discussed in Chapter IV.

III.III.4. Influence of ethanol content1

The impact of the ethanol content was also assessed utilising the two different
supporting buffers, i.e., formic acid and tartaric acid (Section III.III.3 above). The
absence or presence (12%, v/v) of ethanol was examined to determine the importance
that the amount of alcohol present in solution can play in the degradation of ascorbic
acid. As discussed in Chapter I, Section I.IV.1, the oxidation of ascorbic acid is
generally assumed to occur via a radical pathway, including the protonated ascorbyl and
the mono-dehydroascorbate radicals (HA• and A•-, respectively, Figure 1.10, Chapter I)
(Buettner & Jurkiewicz, 1996; Danilewicz, 2003). Alternatively, the hydrogen peroxide
produced as a consequence of ascorbic acid oxidation could enhance the degradation of
ascorbic acid, either by its oxidising power (Niemelä, 1987; Deutsch, 1998a, 1998b) or
by the hydroxyl radicals it can produce via the Fenton reaction in the presence of metal
ions (Fenton, 1894). Therefore, the presence of ethanol, a known radical scavenger
(O‟Donnell & Sangster, 1970), would be expected to impact on the degradation of
ascorbic acid, potentially slowing the antioxidant‟s decay.

1

Experiments performed in Australia at the NWGIC, using the HPLC-DAD method utilised in
Chapter IV.
112

Chapter III – Degradation of ascorbic acid in a model wine: preliminary investigations

A significant (p = 0.05) difference in the rate of ascorbic acid decay was highlighted
between solutions containing ethanol and those without the alcohol. In the presence of
ethanol, ascorbic acid was near depletion in 4 days (Table 3.3) while without ethanol, it
took 8 days for ascorbic acid to degrade (Table 3.3), regardless of the supporting buffer.
However, while the ascorbic acid degradation rate was affected by the presence of
ethanol, no significant (p = 0.05) difference was observed in terms of the degradation
products‟ identity.

Table 3.3: Ascorbic acid (%) left in tartaric acid- and formic acid-buffered ethanol
(12%, v/v) and ethanol-free samples. n = 3; ± 95% confidence limits (p = 0.05).
Ascorbic acid left in solution (%)
Reaction time
(day)

Ethanol samples

Ethanol-free samples

Tartaric acid

Formic acid

Tartaric acid

Formic acid

0

100 ± 14

100 ± 6

100 ± 4

100.0 ± 0.5

4

7 ± 13

10 ± 4

49 ± 12

50 ± 4

8

0

0

0

0

Nonetheless, this appears to be in contradiction with the expected radical scavenging
effect of ethanol. In other words, if ethanol were to scavenge any radicals enhancing the
degradation of ascorbic acid, then in the absence of ethanol (i.e., no radical scavenging
effect), ascorbic acid‟s decay would be faster. Alternatively, it was found that the 1hydroxyethyl radical, formed from ethanol and hydroxyl radical (Elias, Andersen,
Skibsted & Waterhouse, 2009), could enhance the ascorbic acid oxidation via the
formation of the ascorbyl radical (Stoyanovsky, Wu & Cederbaum, 1998; Brinkevich &
Shadyro, 2008). The latter radical is in fact an intermediate in the oxidation of ascorbic

113

Chapter III – Degradation of ascorbic acid in a model wine: preliminary investigations

acid to dehydroascorbic acid which readily deprotonates at wine pH due to its low pKa
(i.e., -0.86 (Buettner & Jurkiewicz, 1996)) and forms the mono-dehydroascorbate
radical, a direct precursor of dehydroascorbic acid (Figure 1.10, Section I.IV.1,
Chapter I).

However, although the involvement of the 1-hydroxyethyl radical appears to be a
plausible explanation for the impact of ethanol on the ascorbic acid decay, the
experiment did not provide any direct evidence for this mechanism. Therefore, several
other hypotheses were also considered.

The impact of ethanol, and other aliphatic alcohols, on the solubility of oxygen has been
the object of several studies. However, while some authors reported the ability of
ethanol to increase the oxygen solubility (Kutsche, Gildehaus, Schuller & Schumpe,
1984; Schumpe, 1993), studies more closely related to a wine environment showed that
a concentration of 12% (v/v) ethanol was not enough to have a significant impact on the
oxygen solubility (Moutounet & Mazauric, 2001; Karbowiak et al., 2010). As a result,
the solubility of oxygen in water or 12% (v/v) aqueous ethanol solutions is essentially
the same.

The oxidation of ascorbic acid has been reported to be proportional to the concentration
of the mono-ascorbate anion (HA-) (Danilewicz, 2003) (Section I.IV.I, Chapter I).
Hydroorganic solvents, including ethanol, have been found to impact on the pKa of
several organic acids (Azab, Ahmed & Mahmoud, 1997) and therefore, the presence of
ethanol in solution could impact on the ionisation of ascorbic acid. However, the
presence of ethanol was found to result in an increase in pKa of some dicarboxylic
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acids, e.g. tartaric acid (Azab et al., 1997) and ascorbic acid (Kumler & Daniels, 1935).
As ascorbic acid‟s first pKa is 4.25 in water, an increase in pKa due to the presence of
ethanol would lead to a decrease in concentration of mono-ascorbate anions at wine pH
(i.e., 3.2). This effect was confirmed by some authors who reported that the presence of
ethanol led to a decrease in ionisation of ascorbic acid and consequent reduction in
ascorbic acid oxidation rate (Ogata & Kosugi, 1969; Sharma, Agrawal, Mishra &
Sharma, 1992).

Alternatively, in aqueous solutions, ethanol would be relatively disruptive to water
hydrogen-bonding, subsequently disturbing the water structure and diminishing
interactions between ascorbic acid and water (Omar & Ulrich, 2006). Such an effect
was observed with humectants, such as fructose and mannitol, which were found to
enhance ascorbic acid degradation rate (Rojas & Gerschenson, 2001).

Although no definite justification for the enhanced ascorbic acid decay in the presence
of ethanol was found, the discussion above highlights once again the complexity of such
an apparently simple reaction system. Importantly, the results of this experiment
performed here question the relevance of numerous kinetic studies on ascorbic acid
degradation in aqueous conditions to the outcome of ascorbic acid degradation in wine.
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III.III.5. Robustness of the model wine system and ageing conditions

Among the several wine parameters investigated above, only the supporting buffer
showed no significant impact (p = 0.05). The other factors, i.e., storage temperature,
initial concentration of ascorbic acid and presence or absence of ethanol, influenced the
rates of ascorbic acid decay and formation and/or decay of the degradation products, but
not the actual identity of the degradation products. In all model wine systems studied
above, the same general chromatographic profiles were observed, therefore confirming
that the model wine system and ageing conditions employed throughout this thesis were
not impacting on the significance and validity of the outcomes established in the next
chapters of this thesis.

III.IV. IDENTIFICATION OF THE ASCORBIC ACID DEGRADATION
PRODUCTS BY FRACTION COLLECTION AND HPLC-MS

III.IV.1. Optimisation of a HPLC-MS method

A HPLC-MS method was developed based on compounds that have been reported as
ascorbic acid degradation products under aqueous conditions approaching white wine
pH (i.e., 3.0-3.5). This followed on from work attempted by Bradshaw (2001) and
Scollary (2004). The ascorbic acid degradation products are expected to be mainly
organic acids including dehydroascorbic acid, 2,3-diketogulonic acid and threonic acid,
and aldehydes such as furfural, also known as 2-furaldehyde, and
(Figure 3.7) (Sections I.V.1 and I.V.2, Chapter I).
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Figure 3.7: Structures of some major suggested ascorbic acid degradation products at
wine pH, based on the review written by Bradshaw (2001).

Optimum HPLC-MS conditions were investigated for each of the compounds shown
above (Figure 3.7) except for 2,3-diketogulonic acid, which was replaced by a
commercially available related compound, i.e., 2-ketogulonic acid (Figure 3.8A) and hydroxyfurfural that was replaced by 5-hydroxymethylfurfural (Figure 3.8B).
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Figure 3.8: Structures of A: 2-ketogulonic acid and B: 5-hydroxymethylfurfural.

The HPLC-MS chromatographic separation was performed on a 4 × 2 mm C18 column
with a mobile phase consisting of 0.5% (v/v) acetic acid in a water/acetonitrile solution
(9:1, v/v) (based on the „improved method‟ in Table 3.1). The analyte ionisation was
obtained using an electrospray ionisation source (ESI) in either positive or negative
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mode depending on the chemical structure of the relevant analytes. Acids were detected
in negative ionisation mode as they are more likely to lose a proton, while aldehydes
were detected in positive ionisation mode as they are, on the contrary, more likely to
gain a proton. Nonetheless, some compounds may be detected in both ionisation modes,
particularly those containing several functional groups.

The pH of the mobile phase was also investigated as a parameter influencing the
ionisation of the analytes, as a low pH can often enhance detection in the positive
ionisation mode (i.e, by inducing protonation of analytes), while a higher pH can
enhance detection in the negative ionisation mode (i.e., by inducing deprotonation of
analytes). The pH of the initial mobile phase (0.5% (v/v) acetic acid in
water/acetonitrile (9:1, v/v)) was 3.00 ± 0.01. Lower and higher pH values were
obtained by adjusting the water/acetonitrile (9:1, v/v) solution with either formic acid
(pH = 2.00 ± 0.01) or ammonia (pH = 4.00 – 5.00 ± 0.01).

The investigated MS parameters consisted of the cone and probe voltages, and the probe
temperature, which was initially set in accordance with the adopted HPLC flow rate, as
per the MS user‟s guide. While the cone voltage was found to have the biggest impact
on the mass signal sensitivity, the probe voltage and temperature showed little or no
influence (Tables 3.4 to 3.6).

The following tables detail the optimisation trials for ascorbic acid (Table 3.4) as well
as an acidic ascorbic acid degradation compound, i.e., threonic acid (Table 3.5) and an
aldehydic ascorbic acid degradation compound, i.e., furfural (Table 3.6). The impact of
the parameters was assessed by the magnitude of the analytical response, as measured
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by peak area. The optimum conditions (as highlighted in yellow in Tables 3.4 to 3.6)
were obtained with a cone voltage of 20 V, a probe voltage of 3 kV and probe
temperature of 180 °C, for both acids and aldehydes using negative and positive
ionisation mode, respectively. Unexpectedly, no improvement in analyte sensitivity was
obtained by increasing or decreasing the pH of the mobile phase, in either negative or
positive ionisation mode.

Table 3.4 HPLC-MS optimisation trials for ascorbic acid. The sign in parentheses for
the method name indicates positive (+) or negative (-) ionisation mode. Cells
highlighted in yellow show the optimum conditions.
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Table 3.5: HPLC-MS optimisation trials for threonic acid. The sign in parentheses for
the method name indicates positive (+) or negative (-) ionisation mode. Cells
highlighted in yellow show the optimum conditions.

Table 3.6: HPLC-MS optimisation trials for furfural. The sign in parentheses for the
method name indicates positive (+) or negative (-) ionisation mode. Cells highlighted in
yellow show the optimum conditions.
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III.IV.2. Fraction collection1 and subsequent analysis by HPLC-MS

Application of the semi-preparative HPLC-DAD „optimised method‟ (Table 3.2),
allowed the collection of peaks or groups of peaks of a degraded ascorbic acid solution
(0.5 g/L) and subsequent analysis by the HPLC-MS method optimised as discussed
above (Section III.IV.1 above). The ascorbic acid degradation peaks were separated and
collected as detailed in Figure 3.9.
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Figure 3.9: Semi-preparative HPLC-DAD chromatogram at 280 nm of a 0.5 g/L
ascorbic acid solution degraded at 45 °C after 4 days and corresponding collected
fractions labelled A-E and 1-3. AA: ascorbic acid.

Direct injection of the collected fractions into the MS proved to be inefficient due to a
lack of sensitivity possibly arising from the low concentration of the ascorbic acid
degradation products in the collected fractions. Therefore, concentration of the fractions
by either evaporation under nitrogen or vacuum centrifuge was performed prior to reinjection in the HPLC-MS system. Concentration of fractions under nitrogen was found
1

Fraction collections were performed using the HPLC-DAD „optimised method‟ described in Table 3.2
(conditions highlighted in yellow, Section III.II of this Chapter).
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to be too inefficient (i.e., slow and high volumes of gas usage) and was abandoned due
to the degradation of the compounds contained in the fractions. However, the vacuum
centrifuge process was found more successful, allowing 20 to 50% reduction in volume
in about 3 hours (Table 3.7).

Table 3.7: Concentration trials for fractions collected from a 0.5 g/L ascorbic acid
solution degraded after 4 days under accelerated ageing conditions. „AA degradation
number of peaks‟ relates to the number of peaks observed in Figure 3.9 from which the
fractions were collected; Before FD: injection of the collected fractions in the HPLCDAD before freeze-drying; After FD: injection of the collected fractions in the HPLCDAD after freeze-drying; Rt: retention time.

1

2

1
2

Fraction C is actually comprised of 4 peaks, one of which is co-eluted with AA.
Fraction E is actually comprised of 2 co-eluted peaks.

Each fraction was analysed by HPLC-DAD prior to and after concentration by vacuum
centrifuge to check the chromatographic profiles, peak area and UV-visible spectra. As
displayed in Table 3.7, the vacuum centrifuge process allowed the concentration of
compounds in some fractions, i.e., fractions C and E, without affecting the number of
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peaks or their identity, while other fractions, i.e., A, B, D and 3, showed reduction in
peak area. The instability of these fractions during the evaporation process could
possibly be due to the volatility of the compounds contained in these fractions or their
subsequent degradation in the chromatographic eluent. However, no additional peaks
were observed in the HPLC-DAD chromatograms after freeze-drying either suggesting
there was no degradation or that the subsequent degradation products could not be
detected under the conditions used here.

Although some of the fractions were successfully concentrated by the vacuum
centrifuge process (i.e., fractions C & E; Table 3.7), their subsequent analysis by the
optimised HPLC-MS method (Section III.IV.1 above) did not provide significant data.
The samples were either too diluted to be detected by MS or when a mass spectrum was
obtained, it could not be replicated. That is, repeat analyses of the same samples gave
different masses and fragmentation patterns, suggesting that the fractions were highly
unstable and possibly degrading as the analyses were performed. The latter was initially
observed with the reference compounds when optimising the MS method (see
comments at „13 Dec‟, Tables 3.4-3.6).

The poor stability of the compounds and the dilution during the chromatographic
analyses prevented critical information to be gained on the identification of the ascorbic
acid degradation products. Therefore, identification of the ascorbic acid degradation
products was further investigated by an on-line method (Chapter VI), while the kinetics
data, gathered throughout the previous HPLC-DAD experiments were investigated by
means of chemometric data treatment in the following section.
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III.V. APPLICATION OF CHEMOMETRICS AS A TOOL TO CLARIFY THE
DEGRADATION PRODUCTS OF ASCORBIC ACID1

Chemometrics has been defined as “the science of relating measurements made on a
chemical system or process to the state of the system via application of mathematical or
statistical methods” (The International Chemometrics Society). Based on the ability to
detect patterns within a sample set, chemometrics has now become a powerful tool for
the analysis and interpretation of chemical data in areas such as food and beverage.
Applications include the differentiation of wines based on their botanical (Cozzolino,
Smyth, Cynkar, Dambergs & Gishen, 2005) or geographic origins (Masoum,
Bouveresse, Vercauteren, Jalali-Heravi & Rutledge, 2006), on their sensory
characteristics (Blackman, Rutledge, Tesic, Saliba & Scollary, 2010) and in
authentication and adulteration studies (Cuny et al., 2008).

In this section, chemometrics was applied to the differentiation of the ascorbic acid
degradation products based on their rates of formation and decay, and their UV-visible
spectra. Several sets of analytical data were examined by a range of multi-way data
analyses, including PARAllel FACtor analysis (PARAFAC) as well as different data
pre-treatment, including icoshift peak realignment. The following results are presented
for the model which provided the most information about the ascorbic acid degradation
products.

1

Experiments performed in France at AgroParisTech.
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III.V.1. Introduction to multi-way data analysis

Many recent analytical techniques, such as hyperspectral imaging, 3D-fluorescence
spectroscopy and hyphenated techniques (e.g. gas chromatography-mass spectrometry)
generate multi-way data sets. Similarly, the set of UV-visible spectra measured by diode
array (DAD) during a single chromatographic separation by HPLC for a range of
samples generates three-way data which can be arranged into a cubic array instead of a
matrix as in standard multivariate data sets (Bro, Workman, Mobley & Kowalski, 1997;
Smilde, Bro & Geladi, 2004).

Previous HPLC-DAD analyses on the ascorbic acid degradation (Sections III.II and
III.III of this Chapter) provided numerous data sets, all yielding „retention-time-versuswavelength-versus-sample‟ data cubes. Figure 3.10 represents the three-way data
presented in this section, consisting of the retention times, wavelengths and samples,
i.e., reaction time.

Figure 3.10: Schematic representation of the three-way array: UV-visible spectra
(wavelengths) measured by HPLC-DAD for the ascorbic acid degradation (retention
times) over the reaction period (samples).
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The decomposition of the data in a „cube‟ for a three-way array, as in a matrix for a
two-way array, allows the simplification of the data set and its interpretation. PARAllel
FACtor analysis (PARAFAC) (Carroll & Chang, 1970; Harshman, 1970) is one of
several decomposition methods for multi-way data which aims to decompose spectra of
complex samples into the contributions of spectra of individual constituents. In other
words, pure spectra of compounds can potentially be recovered from multi-way spectral
data (Bro & Kiers, 2003; Schmidt, Jaroszewski, Bro & Witt, 2008). This is of particular
interest considering the obstacles encountered when trying to identify the ascorbic acid
degradation products by analytical techniques alone (Sections III.II and III.IV of this
Chapter).

The PARAFAC method is a generalisation of Principal Component Analysis (PCA) to
higher order arrays (Harshman & Berenbaum, 1981; Bro, 1997). PARAFAC and twoway PCA are respectively multi- and bi-linear decomposition methods, which
decompose the array into sets of scores (coordinates of the samples on the principal
components) and loadings (component contributions, i.e., importance or weight of each
variable to each principal component) that hopefully describe the interesting parts of the
data in a more condensed and pertinent form than the original data array (Bro, 1997).
However, with three-way data, components cannot, as in PCA, be estimated
successively as this will give a model with poorer fit than if the solution for all the
components is estimated simultaneously, giving a rather more robust, adequate and
interpretable model (Harshman & Berenbaum, 1981; Bro, 1997). Multi-way methods
are, in addition, less sensitive to noise (Bro, 1997).
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An obvious advantage of the PARAFAC model is the uniqueness of the solution as the
loadings are not just a set of orthogonal parameters as in ordinary PCA and cannot be
rotated without a loss of fit (Harshman & Berenbaum, 1981; Bro, 1997). This implies
that the loadings can be directly related to the particular modes of the multi-way array,
as opposed to two-way analysis where scores and loadings can be rotated and the model
will still fit the data just as well as before. The hypothesis behind PCA is that the
directions of maximum dispersion of samples in the multivariate space are the most
interesting direction. Although this hypothesis is not unreasonable, there is no reason
why the vectors defining these directions should resemble pure spectra. Hence, there is
no way to estimate, for example, pure spectra from PCA loading vectors. In PARAFAC,
the inherent tri-linearity of the system results in models which are correct
representations of the relations between the physico-chemical phenomena, although
sometimes, it may be necessary to add further logical constraints to the components,
such as non-negativity and monotonicity.

The decomposition of a three-way data array results in triads or tri-linear components,
but instead of one score vector and one loading vector as in bilinear PCA, each
component consists of one score vector and two loading vectors. It is common threeway practice not to distinguish between scores and loadings as these are treated as
equivalent numerically. A PARAFAC model of a three-way array is given by three
loading matrices, A, B and C with elements aif, bjf and ckf (Equation 1). This equation is
shown graphically in Figure 3.11 for three components (F = 3). The tri-linear model to
be found minimises the sum of squares of the residuals, eijk in the model (Bro, 1997).
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Figure 3.11: Schematic representation of a three-component PARAFAC model of the
data array. Adapted from Bro (1997).

Determining the best rank (F), i.e., the dimensionality of the loading matrices, of a
PARAFAC model is not an easy task. In general, the same tools are available as are
used for two-way analyses: examining histograms of residuals, assessing the
interpretability of the solution based on prior knowledge available on the data, and
using re-sampling techniques such as cross-validation, where the model is tested using a
new set of data (Bro, 1998).

A new approach called the CORe CONsistency DIAgnostic (CORCONDIA) may be
helpful in determining the right number of components (Bro & Kiers, 2003). The
principle is as follows: for a given number of components fitting the PARAFAC model
to the data, the solution found is used to calculate the so-called core consistency. The
core consistency can be considered as an indicator of the agreement of the new
representation of the n-way array with the assumptions of the model, that there is no
interaction between different components and that the number of components is correct
(Bro & Kiers, 2003). If the PARAFAC model is valid then the core consistency for each
individual component is close to 100% and the values for the interactions between
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components close to zero (Figure 3.12A). If the data cannot be approximated by a trilinear model or too many components are used (Figure 3.12B), the core consistencies
will all tend towards lower values. If the consistency is intermediate (i.e., around 50%)
the model is unstable, in which case imposing valid constraints, such as non-negativity,

Consistency = 94.0158
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Target, Ideally non-zero core elements, Ideally zero core elements

1
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may help stabilising the model.
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Figure 3.12: Example of a core consistency plot of A: a three-component model and B:
a four-component model. The circles are the elements that should ideally be one and the
lozenges, those which should be zero. The line segment is the target that elements
should resemble.

In practice, the core consistency initially remains at a high level with increasing number
of components (Figure 3.12A), but then falls sharply when the correct number of
components is exceeded (Figure 3.12B). For a data set that can be modelled by a threecomponent PARAFAC model as in Figure 3.12, one- and two-component PARAFAC
will also be found to be valid. The core consistency will consequently show that all
these models are valid in the sense that they do not overfit the data. By assuming that
noise is not tri-linear, it follows that the valid model with the highest number of
components is the one to be chosen, e.g. the three-component model in Figure 3.12.
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III.V.2. Application of PARAFAC to ascorbic acid degradation data

Due to the complexity of the ascorbic acid degradation, as shown by the
chromatographic profiles, especially at the beginning of the run (Figures 3.1 and 3.2,
Section III.II of this Chapter), a PARAFAC model was applied to the chromatographic
data to try to distinguish the co-eluted peaks, and generate kinetic data for the formation
and decay of the underlying peaks as well as their „pure‟ UV-visible spectra.

The data discussed in this section were acquired from the degradation of a 0.5 g/L
ascorbic acid solution in a tartaric acid-buffered 12% (v/v) aqueous ethanol model wine
system, stored at 45 °C in darkness during 14 days. Samples were analysed daily by
HPLC-DAD using the chromatographic „optimised method‟ (Table 3.2, Section III.II of
this Chapter), subsequently providing three-way data, consisting of the retention times
(up to 15 minutes), wavelengths (from 200 to 500 nm) and samples (i.e., reaction time,
as the samples corresponded to daily injections).

III.V.2.1. Realignment of chromatographic peaks using intervalcorrelation-shifting (icoshift)

A difficulty often encountered with spectroscopic data arises from the misalignment of
signals across a range of samples, e.g. chemical shifts in NMR or retention times in
chromatography. These variations can be due, among others, to minor disparities in data
acquisition, instrument settings, chemical environment or analysis temperature, and can
have a considerable impact on the determination of model components. It is, indeed, of
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the utmost importance to realign data peaks in order to avoid meaningless variations
being interpreted as component(s) in the model.

Different approaches have been used to solve alignment problems, more or less
successfully, especially with regards to signal resolution and computational efficiency
(Wong, Durante & Cartwright, 2005; Veselkov et al., 2008). Based on recent
improvements, a new algorithm, called icoshift, i.e., interval-correlation-shifting, has
been developed by Savorani and co-workers and successfully applied to 1D NMR
spectra (Savorani, Tomasi & Engelsen, 2010). The icoshift algorithm consists of
defining intervals, in which signals are realigned to a specified target, i.e., reference
spectrum, chromatogram or signal, and subsequent reconstruction of the aligned data.
Both intervals and target signals can be automatically determined by the algorithm
based on the actual set of data or defined by the user. In addition, the icoshift algorithm
allows insertion of missing values, rather than the usual interpolation from boundary
values, which often creates artefacts (Savorani et al., 2010).

As a result, the icoshift algorithm was used for the realignment of the chromatographic
peaks obtained during the ascorbic acid degradation. In fact, although acquisition of the
HPLC-DAD chromatograms was performed via an autosampler at constant temperature
and a set flow rate, uncontrolled variations impacted on the retention times up to 0.5
minute as can be seen for the most intense degradation peak, i.e., peak 3 (as labelled in
Figure 3.2, Section III.II of this Chapter), observed in the ascorbic acid degradation
chromatograms (Figure 3.13A). The reference chromatogram chosen for icoshift was
the one obtained for day 3 as all the peaks corresponding to ascorbic acid and its
degradation products were present at similar intensities.
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A

B

Figure 3.13: HPLC-DAD chromatograms and enlarged section showing peak 3 (as
labelled in Figure 3.2) before (A) and after (B) realignment of the signals using icoshift
for the 14-day reaction period.

As evident from Figure 3.13 where all samples (i.e., daily injections of the ascorbic acid
degradation solution) are displayed, the chromatographic peaks have been realigned in
all samples, to provide identical retention times (Figure 3.13B). The benefits of such a
signal realignment method are shown in the following section, in which the number of
PARAFAC components of is assessed.

III.V.2.2. Determining the optimal number of components

As indicated in Section III.V.1, CORCONDIA is a useful tool in the determination of
the optimal number of components to be used in the PARAFAC model (Bro & Kiers,
2003). The core consistency was calculated for models with one component up to six
components and showed that the use of three and four components gave the highest core
consistency values, i.e., 99.8 and 99.2%, respectively (right hand side, Figure 3.14).
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In addition, Figure 3.14 displays the core consistency calculated on the same data for a
three- and four-component PARAFAC model before icoshift realignment of the
chromatographic peaks. As shown by the values of the core consistency and dispersion
of the core elements (left hand side, Figure 3.14), the absence of peak alignment
strongly hindered the determination of the optimal number of components for the model
to fit the data.

Figure 3.14: Core consistency plots of the three-component (top) and four-component
models (bottom), before (left hand side) and after (right hand side) icoshift realignment
of the chromatographic peaks. PARAFAC model of the ascorbic acid degradation
monitored by HPLC-DAD using „optimised method‟ (Table 3.2).
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At this stage, the decision between a three-component and a four-component
PARAFAC model could only be made by considering each component with regards to
their loadings, bearing in mind the interpretability of the solution. The three-component
model for the realigned data seemed to express all possible meaningful variability
across the samples, as component 3 of this model only exhibited variations in
concentration (i.e., loading 1), baseline shift in the chromatograms (i.e., loading 2) and
background noise in the UV-visible spectra (i.e., loading 3) (left hand side, Figure 3.15).
However, when fitting the aligned data with a four-component model, component 4
(right hand side, Figure 3.15) provided further information inherent to the data set that
had not been taken into account by the three-component PARAFAC model. This
highlights the complexity of such an „apparently simple‟ reaction medium as variations
in the ascorbic acid degradation (component 4, right hand side, Figure 3.15) were found
to be less easily detected than the systematic experimental deviations themselves
(component 3, right hand side, Figure 3.15).

Figure 3.15: Loadings of each component for the three-component (left hand side) and
the four-component (right hand side) PARAFAC models. Loadings represent samples
(top), retention times (middle) and wavelengths (bottom).
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Five- and six-component models were examined but did not provide any more
interesting information concerning the ascorbic acid degradation. Therefore, the fourcomponent PARAFAC model, after realignment of the chromatographic peaks (right
hand side, Figure 3.15) was established as the most appropriate model to represent the
ascorbic acid degradation data and is discussed in the following section in terms of
components and loadings, comprising three modes, i.e., samples, retention times and
wavelengths.

III.V.2.3. Assessing the PARAFAC model

III.V.2.3.1. Sample mode loading plot

The plots of the sample loadings (Figure 3.16) show the kinetic evolution of the four
PARAFAC components as the samples correspond to the daily HPLC-DAD analyses of
the ascorbic acid degradation solution over a 14-day period. The evolution for the four
components shown in Figure 3.16 makes it possible to relate each component to a
chemical compound, i.e., reactants or degradation products, involved in the ascorbic
acid degradation.

Component 1 (Figure 3.16), whose general trend is toward a total disappearance within
about four days, was assigned to ascorbic acid. This hypothesis is in accordance with
previous kinetic observations, as described in Section III.III.1 of this Chapter, which
highlighted that 0.5 g/L ascorbic acid was degraded in four days at 45 °C under the
conditions used in this experiment. Component 2 (Figure 3.16) increased from the start
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of the reaction period until day 6-7 and then gradually decreased until the end of the
experiment. It is therefore very likely that component 2 represents one of the
intermediate ascorbic acid degradation products. The kinetics of component 3 (Figure
3.16) is not as straight forward as that of the other components and may well indicate
some uncontrolled experimental variations. Also, the y-axis, which represents the
magnitude, shows that component 3 is actually minor compared to the others, consistent
with experimental variations. Component 4 (Figure 3.16) also showed an increase from
the beginning of the reaction period until day 5, but as opposed to component 2 which
exhibited gradual decay, component 4 decreased until complete disappearance at day 12
(Figure 3.16). Component 4 may then also display the contribution of intermediate
ascorbic acid degradation products.

Figure 3.16: Sample mode loading plots of the four components from the PARAFAC
model after icoshift peak realignment.
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III.V.2.3.2. Retention time mode loading plot

The retention time mode loadings were plotted for the four components and generated
the chromatographic profiles represented in Figure 3.17. When plotted all together
(Figure 3.18), the four components actually produced a chromatogram similar to that
displayed in Figure 3.2 (Section III.II of this Chapter).

Figure 3.17: Retention time mode loading plots of the four components from the
PARAFAC model after icoshift peak realignment.

Figure 3.18: Retention time mode loading plot of all four components from the
PARAFAC model after icoshift peak realignment.
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Component 1, which exhibited a single peak at 3.75 minutes appeared to correspond to
ascorbic acid (Figures 3.17 and 3.18), while component 2, which showed a major peak
at 13.29 minutes (Figures 3.17 and 3.18), was similar to peak 3 (Figure 3.2, Section
III.II of this Chapter), the most intense and stable peak observable in the
chromatograms of ascorbic acid degradation solutions. The assignment of component 3
to some experimental variations was further confirmed from its retention time loading
plot which resembled baseline shift (Figures 3.17 and 3.18). Component 4 seemed to
represent the remaining peaks observable in ascorbic acid degradation chromatograms
(Figures 3.17 and 3.18), including peaks 1 and 2 as in Figure 3.2 (Section III.II of this
Chapter).

III.V.2.3.3. Wavelength mode loading plot

The plots of the wavelength loadings (Figure 3.19) show the UV-visible spectra of the
four components. Providing that each component corresponds to one chemical
compound, pure spectra could then be extracted from the wavelength loading plots.
Unfortunately, although the UV-visible spectra were recorded from 200 nm onwards,
the inclusion of the 200-250 nm data in the PARAFAC model created too many spectral
artefacts, therefore preventing meaningful components to be extracted from the
PARAFAC model. Such behaviour is thought to be due to the presence of acetic acid
(0.5%, v/v) in the HPLC mobile phase, which absorbs in the low UV spectral region,
and can hinder any spectral information if occurring in this spectral region.
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Figure 3.19: Wavelength mode loading plots of the four components from the
PARAFAC model after icoshift peak realignment.

The absorbance spectrum given by the wavelength mode loadings for component 1
(Figure 3.19) was consistent with that of ascorbic acid, although its absorbance
maximum could not be observed as it is found below 250 nm, i.e., at 244 nm. However,
given the strong correlation of the sample mode and retention time mode loadings, and
the partial UV-visible spectrum obtained from the wavelength mode loadings, it is
believed that component 1 does correspond to ascorbic acid. As for the sample mode
and retention time loadings, component 2 was assigned to peak 3 (Figure 3.2) as its
absorbance spectrum was consistent with that of peak 3, showing an absorbance
maximum at 294 nm (Figure 3.19). Unfortunately, the complete UV-visible spectrum of
component 3 could not be observed in the wavelength loading plot as peak 3 also
exhibited an absorbance peak at 230 nm. The spectrum associated with component 3
was consistent with background noise, having the lowest loading magnitude of all
components and no particular absorbance maximum (Figure 3.19). Component 4, which
exhibited several peaks on the retention time mode loadings (Figures 3.17 and 3.18),
showed a spectrum with a relatively broad absorbance maximum around 305 nm. This
is consistent with the contribution of several peaks to component 4, as the UV-visible
spectra of the peaks represented by component 4 in the retention time mode loading plot
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(Figures 3.17 and 3.18, Section III.V.2.3 above), all exhibited absorbance maxima
ranging from 280 to 310 nm.

III.V.2.4. Overall interpretation of the PARAFAC model

This four-component PARAFAC model, after peak realignment using icoshift,
highlighted the contribution of ascorbic acid (component 1), ascorbic acid degradation
products (component 2 and 4) as well as the experimental/instrumental variations
(component 3). Unfortunately, the model was not able to differentiate between the
several degradation products in component 4, but highlighted that the products were
present in solution for a shorter period of time (i.e., fully depleted by day 12, Figure
3.16) than the degradation product represented by component 2 which was still present
at a high level at the end of the 14-day reaction period (Figure 3.16).

Although several data analysis methods were examined, it was concluded that the
formation and decay rates of the ascorbic acid degradation products were too similar to
be able to be differentiated by multi-way data analyses described here. The
chemometrics methods did provide some insights in the degradation of ascorbic acid,
and demonstrated the clear advantages of the icoshift peak realignment technique.
However, the complex chromatography and the multiple number of peaks contributing
at least to component 4 limited the success that was considered possible when the
experiments were planned.
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III.VI. CHAPTER SUMMARY

The model wine system components and the accelerated ageing conditions proposed for
use in this thesis have been investigated in order to validate the conditions employed in
the experiments further described in this thesis. The outcomes of these experiments
showed that, consistent with published literature, the decay of ascorbic acid and
subsequent formation rate of its degradation products were enhanced at higher
temperature (i.e., 45 °C compared to 20 °C). In addition, the extent as well as the
formation rate of the ascorbic acid degradation products was enhanced at higher initial
ascorbic acid concentration (i.e., 0.5, 2.0 and 5.0 g/L). The presence of ethanol (i.e.,
12%, v/v) was also found to increase the degradation rate of ascorbic acid and although
no definitive explanations could be drawn from the experiment, some hypotheses were
proposed. Among these, the impact of the 1-hydroxyethyl radical and disruption of the
stable water-ascorbic acid structure by ethanol were proposed to be responsible for the
enhanced degradation of ascorbic acid in the presence of ethanol. On the other hand, the
supporting buffers (i.e., formic acid and tartaric acid) had no significant impact on the
decay of ascorbic acid or the formation rate of its degradation products. Importantly, in
all conditions examined in this Chapter, the identity of the ascorbic acid degradation
products remained the same, as reflected by the chromatographic peak profiles and
associated UV-visible spectra, therefore validating the robustness of the model wine
conditions utilised in this thesis.

In addition, a range of analytical and chemometric approaches were applied to the
identification of the ascorbic acid degradation products, albeit without achieving a
major step forward. The identification of the ascorbic acid degradation products under
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wine conditions therefore remains a challenge to be resolved. Consequently, rather than
focussing on the direct identification of the compounds that are formed from ascorbic
acid, the majority of this thesis describes the research undertaken to determine why
ascorbic acid, or its degradation compounds, enhances pigment formation in the
presence of flavan-3-ol phenolic compounds. The focus was directed towards
identifying the winemaking conditions where ascorbic acid is safe to use and when its
degradation is likely to lead to enhanced colour development of white wine.
Nonetheless, as outlined in Chapter V, this focus on ascorbic acid-induced pigment
formation allowed the identification of some ascorbic acid degradation products.
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CHAPTER IV
THE CONTRIBUTION OF ASCORBIC ACID TO THE PIGMENT
DEVELOPMENT IN MODEL WINE SYSTEMS

IV.I. INTRODUCTION

Previous studies in model wine systems or wines showed that the addition of ascorbic
acid can eventually lead to a crossover effect from antioxidant activity (little
colouration) to pro-oxidant activity (accelerated colouration) (Buettner & Jurkiewicz,
1996; Peng, Duncan, Pocock & Sefton, 1998; Bradshaw, Prenzler & Scollary, 2001).
Bradshaw et al. (2001), who conducted studies in model wine systems with (+)-catechin
as the oxidisable phenolic substrate, demonstrated the presence of a lag period,
corresponding to a slight decrease in absorbance at 440 nm (i.e., measurement of the
yellow colouration). Following the lag period, a rapid rise in absorbance at 440 nm
occurred in the presence of ascorbic acid, with the final absorbance value after 14 days
being significantly higher than that of a solution of (+)-catechin alone (Bradshaw et al.,
2001). Alternatively, if the ascorbic acid was allowed to pre-oxidise before the addition
of (+)-catechin, there was no lag period, but the same final absorbance value at 440 nm
was reached after 14 days, suggesting that a degradation product of ascorbic acid rather
than ascorbic acid itself was responsible for the enhanced colouration. In addition, the
onset of colouration was shown to take place only after the solution was nearly depleted
in ascorbic acid (Bradshaw, Cheynier, Scollary & Prenzler, 2003), highlighting the
antioxidant action of ascorbic acid by preventing any colouration while present in
solution.
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The antioxidant action of ascorbic acid, whether reacting directly with oxygen
(Kilmartin, Zou & Waterhouse, 2001; Danilewicz, 2003) or reverting ortho-quinones
back to their original diphenolic forms (Mathew & Parpia, 1971; Boulton, Singleton,
Bisson & Kunkee, 1996; Danilewicz, 2003) (Figure 1.9, Chapter I), results in the
formation of dehydroascorbic acid and hydrogen peroxide. The latter compound was
initially proposed to be responsible for the pro-oxidant activity (Chapon & Urion, 1960)
due to its strong reactivity and its possible interaction with tartaric acid. In fact, in the
presence of trace amounts of metal ions, hydrogen peroxide generates hydroxyl radicals
via Fenton chemistry (Fenton, 1894; Elias & Waterhouse, 2010), which can then induce
degradation of a variety of wine components, such as ethanol (Wildenradt & Singleton,
1974; Elias, Andersen, Skibsted & Waterhouse, 2009), tartaric acid (Fulcrand,
Cheynier, Oszmianski & Moutounet, 1997; Clark, Prenzler & Scollary, 2007) and
glycerol (Laurie & Waterhouse, 2006). As mentioned in Chapter I, Section I.I.2.2,
glyoxylic acid is one of the degradation products of tartaric acid which can act as a
pigment precursor (Es-Safi et al., 1999b; Es-Safi, Le Guernevé, Cheynier & Moutounet,
2000b; Es-Safi, Le Guernevé, Fulcrand, Cheynier & Moutounet, 2000c) (Figure 1.4,
Chapter I). However, the study by Bradshaw et al. (2001), predominantly based on UVvisible spectroscopic measurements, demonstrated that hydrogen peroxide alone could
not account for the enhanced colouration observed in model wine systems with added
ascorbic acid. Consequently, additional degradation products of ascorbic acid, yet to be
identified, were thought to be involved in the induced pro-oxidant activity (Bradshaw et
al., 2001).
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IV.I.1. Chapter aims

The work in this chapter investigates how ascorbic acid can promote the colouration of
(+)-catechin model systems. Different model wine systems were employed to determine
the separate contributions of hydrogen peroxide and/or other degradation products of
ascorbic acid. Analytical approaches directed towards identifying the pigments formed
in the presence of ascorbic acid and the possible involvement of free radicals in the
pigment formation process form a critical component of this chapter.

IV.II. PRODUCTION OF PIGMENTS FROM ASCORBIC ACID

IV.II.1. Experimental design

The following approach was adopted to ensure that the factors leading to pigmentation
could be assigned to ascorbic acid and that any contribution from the components of the
model wine system could be readily separated from the ascorbic acid effect.

Model wine systems were prepared containing either tartaric acid or formic acid as the
supporting buffers. Tartaric acid is utilised in model wine systems as it is usually the
major acid present in finished wines (Zoecklein, Fugelsang, Gump & Nury, 1995;
Rankine, 2002). Tartaric acid is also known to take part in oxidative colouration
processes by degrading into glyoxylic acid which subsequently reacts with flavan-3-ol
phenolic compounds to form coloured glyoxylic acid-derived xanthylium cations
(Figure 1.4, Chapter I). On the other hand, hydrogen peroxide is a degradation product
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of polyphenol oxidation (Figure 1.3, Chapter I) as well as ascorbic acid oxidation
(Figure 1.9, Chapter I). Therefore, in tartaric acid-buffered model wine systems,
pigment formation may occur via tartaric acid degradation induced by the hydrogen
peroxide produced from polyphenol and ascorbic acid oxidations.

Formic acid, on the other hand, cleaves into carbon dioxide when in the presence of
hydrogen peroxide / hydroxyl radicals (Duesterberg, 2007). Consequently, as it does not
provide a reactive aldehyde degradation product, it cannot participate in the pigment
formation as does tartaric acid. Therefore, the formic acid buffer was selected so that, in
comparison to the tartaric acid buffer, the contribution of the hydrogen peroxide to
xanthylium pigment production alone could be assessed. The formic acid-buffered
solution was prepared so that it contained identical potassium concentration, organic
acid concentration, and pH to the tartaric acid-buffered model system.

The degradation rates of ascorbic acid in tartaric acid and formic acid model wine
systems were shown to be similar in earlier work of this thesis (Chapter III, Section
III.III.3). In addition, the supporting buffers proved to have no significant impact on the
range of products arising from ascorbic acid and their rates of formation.

Besides, the impact of free radicals on the pigment formation process (Chapter I,
Section I.IV.3) was investigated by the presence or absence of ethanol. Studies with
model wine systems usually contain 10 to 20% (v/v) ethanol (Peng et al., 1998; Es-Safi,
Le Guernevé, Cheynier & Moutounet, 2000a; Bradshaw et al., 2003; Rebière, Clark,
Schmidtke, Prenzler & Scollary, 2010) in order to represent the ethanol content of real
wines. However, ethanol is an effective radical scavenger (O’Donnell & Sangster, 1970)
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and therefore can impact on the reaction yields if free radicals are involved. Based on
this, model wine systems were prepared for this study with and without ethanol to gauge
the role of radicals in the pigment formation process.

In addition, oxidation of ethanol is known to produce acetaldehyde (Wildenradt &
Singleton, 1974), which has also been found to react with polyphenols such as (+)catechin (Timberlake & Bridle, 1976). The mechanism by which acetaldehyde and (+)catechin react is identical to that of the glyoxylic acid-mediated (+)-catechin
condensation (Figure 1.4, Chapter I) and results in the formation of colourless dimers,
and subsequent olygomers, consisting of (+)-catechin units bridged by an ethyl
fragment (Fulcrand, Doco, Es-Safi, Cheynier & Moutounet, 1996; Saucier, Guerra,
Pianet, Laguerre & Glories, 1997). Although ethyl-linked (+)-catechin-anthocyanin
dimers have been detected in red wine (Salas et al., 2005), the ethyl-linked (+)-catechin
dimers have only been detected in model studies in the presence of acetaldehyde
concentrations far in excess (Fulcrand et al., 1996; Saucier, Bourgeois, Vitry, Roux &
Glories, 1997). Other model white wine studies under conditions similar to those
employed in this experiment (Clark & Scollary, 2002; George, Clark, Prenzler &
Scollary, 2006), that is without added acetaldehyde, did not report the presence of the
ethyl-linked (+)-catechin dimers, despite observing the main reactants in the 280 nm
chromatograms. Drinkine et al. (2005) showed that glyoxylic acid was able to react
more rapidly with (+)-catechin than acetaldehyde when the aldehydes were incubated
separately, but when incubated simultaneously (i.e., (+)-catechin + glyoxylic acid +
acetaldehyde), the outcome was complicated by the appearance of mixed reaction
products, as evident from the reaction chromatograms shown in their study.
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Each model wine system (i.e., with tartaric acid or formic acid, with and without
ethanol) was prepared in triplicate, containing either ascorbic acid or (+)-catechin or a
combination of both compounds, as shown by Figure 4.1. All samples were monitored
by ultra violet (UV)-visible spectrophometry, high pressure liquid chromatography with
diode array detection (HPLC-DAD) and mass spectrometry (MS).

Figure 4.1: Overview of the reaction solutions used. AA: ascorbic acid; Cat: (+)catechin; EtOH: ethanol.

IV.II.2.

Colour

development

of

ethanol

model

wine

systems

by

spectrophotometric measurements

At the beginning of the experiment, all samples were essentially colourless to the eye.
During the experiment, the samples containing both ascorbic acid and (+)-catechin,
regardless of the supporting buffer, i.e., tartaric acid or formic acid, intensified in yellow
colouration while the other solutions remained either colourless or faintly yellow
(Figure 4.2). The colouration of the samples containing both (+)-catechin and ascorbic
acid appeared visually slightly more intense in the tartaric acid-buffered sample (Figure
4.2). Samples prepared without ethanol exhibited a similar behaviour and are discussed
in a separate section (Section IV.III) on the involvement of free radicals in the pigment
formation process.
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Day 5
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AA + Cat

Cat
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AA AA + Cat
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Tartaric acid / EtOH

Figure 4.2: Visual aspect of the ethanol-containing samples at day 5 (upper), 13
(middle) and 23 (lower). AA: ascorbic acid; Cat: (+)-catechin; EtOH: ethanol.

The UV-visible spectrum of each sample was recorded every second day for the first 12
days of the experiment and every four days for the 12 remaining days. The absorbance
at 440 nm was specifically monitored as this wavelength is known to represent the
yellow colour and is the absorbance maximum of glyoxylic acid-derived xanthylium
cations (Es-Safi et al., 1999b).

UV-visible spectra of the samples containing both (+)-catechin and ascorbic acid
showed the development of an absorbance maximum in the visible region at 440 nm,
which increased over the reaction period (Figure 4.3A). A similar absorbance maximum
was observed in the sample with just (+)-catechin in the tartaric acid-buffer system.
However, samples containing just ascorbic acid had no absorbance maximum at 440 nm
and the colour of the samples resulted from tailing of absorbance bands at lower
wavelengths (Figure 4.3B). This is in agreement with previous work which showed that
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the development of a yellow colour in oxidised ascorbic acid solutions (i.e., without
added phenolic compounds) is a consequence of peak tailing into the visible region
(Bradshaw et al., 2003).

A

B

Increased
reaction time

Increased
reaction time

Figure 4.3: UV-visible spectra of the ascorbic acid and (+)-catechin samples (A) and
ascorbic acid samples (B) in a 12% (v/v) aqueous ethanol tartaric acid-buffered model
wine system.

The 440 nm absorbance of the samples, plotted for the duration of the experiment
(Figure 4.4), showed the highest values for samples containing both ascorbic acid and
(+)-catechin. The absorbance values were significantly different (p = 0.05), from day 8,
between the ‘AA + cat’ samples in both tartaric acid and formic acid buffers compared
to the equivalent samples without ascorbic acid (‘cat’ samples) (Figure 4.4). This is in
agreement with the findings that ascorbic acid addition leads to enhanced colouration of
(+)-catechin solutions (Bradshaw et al., 2001).
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Figure 4.4: Evolution of the absorbance at 440 nm. AA: ascorbic acid; Cat: (+)catechin; EtOH: ethanol. Each point corresponds to the average of 9 measurements (3
measurements for each of the 3 replicated samples). Error bars represent the 95%
confidence limit (p = 0.05) calculated from the 9 values measured for each model
system.

In addition, further insights into the pigment production can be gained from the
different buffers adopted in the model wine systems. Among the samples containing
both ascorbic acid and (+)-catechin, the tartaric acid-buffered solution presented
significantly (p = 0.05) higher absorbance values than the equivalent formic acidbuffered sample from day 10 (Figure 4.4). This can be explained by the contribution of
hydrogen peroxide, produced from ascorbic acid, and by the presence of adventitious
trace metal ions in the model wine system. In fact, metal ions allow the conversion of
hydrogen peroxide into hydroxyl radicals and subsequent interaction of these radicals
with the supporting buffer. In the case of tartaric acid, it then produces glyoxylic acid,
which is a precursor of the coloured xanthylium cations.

However, with formic acid, as noted earlier, hydroxyl radicals only lead to the
production of carbon dioxide, rather than an aldehyde capable of bridging (+)-catechin.
Therefore, in the formic acid-buffered sample, with both (+)-catechin and ascorbic acid
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added, the absorbance at 440 nm is a consequence of (+)-catechin reacting with an
ascorbic acid degradation product. Alternatively, the absorbance exhibited in the
equivalent tartaric acid-buffered model system results from (+)-catechin reacting with
both tartaric acid and ascorbic acid degradation products.

The use of formic acid as a supporting buffer in the model wine systems demonstrated
that tartaric acid was not the sole requirement for the formation of pigments. Although
the identity of the ascorbic acid-derived pigments has yet to be ascertained, these results
clearly showed that ascorbic acid has the potential to enhance the colouration of the
model systems regardless of the supporting buffer.

IV.II.3. Identification of the reaction products in the ethanol model wine systems
by HPLC-DAD and HPLC-MS

The formation of the reaction products was monitored by HPLC-DAD, injecting each
sample, including all replicates, every four days. Chromatograms at 440 nm, absorbance
spectra and MS data after 24 days of reaction were examined to investigate the peaks
responsible for the colouration of the samples.

Initial inspection of the chromatograms and absorbance spectra showed distinct
similarities to those found in other studies on pigment formation involving flavan-3-ol
phenolic compounds (Es-Safi et al., 2000a; Clark & Scollary, 2002). In these studies,
pigmentation was shown to be due to xanthylium cations (Figure 4.5A), resulting from
the polycondensation of (+)-catechin with glyoxylic acid. In the presence of ethanol,

156

Chapter IV – The contribution of ascorbic acid to the pigment development in model wine systems

corresponding xanthylium ethyl esters (Figure 4.5B) are formed from esterification of
the glyoxylic acid-derived xanthylium cations with ethanol (Es-Safi et al., 2000a).

A

B
+
O

HO

O

HO

OH

C

O

O

OH

OH

HO

OH

OH

OH

+
O

HO

O

HO

OH

C

R = -CH2 CH3

O

O

OR

OH

HO

OH

OH

OH

Figure 4.5: Structures of A: glyoxylic acid-derived xanthylium cations (C8-C8 isomer)
and B: corresponding ethyl esters (C8-C8 isomer).

Published UV-visible spectral characteristics of both xanthylium cations and
xanthylium ethyl esters derived from glyoxylic acid include an absorbance maximum
around 280 nm, due to the (+)-catechin moiety (

max ((+)-catechin)

= 278 nm), along with a

shoulder at 310 nm. An additional absorbance maximum can be observed at 440 and
460 nm for the xanthylium cations and corresponding ethyl esters, respectively
(Oszmianski, Cheynier & Moutounet, 1996; Es-Safi, Le Guernevé, Fulcrand, Cheynier
& Moutounet, 1999a).

Techniques, such as MS, have also been extensively employed to characterise the
structure of xanthylium pigments. Both glyoxylic acid-derived xanthylium cations and
corresponding ethyl esters are best detected in positive ionisation mode and show
molecular ions at m/z = 617 and 645, respectively. Under increased fragmentation
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conditions, fragment ions at m/z = 571, 463 and 419 can be observed in the negative
ionisation mode and include the loss of a carboxyl group (- 44 amu) from the bridging
moiety, the characteristic retro Diels-Alder degradation of the dihydropyran moiety (B
ring of catechin units) (- 152 amu) and a combination of both fragmentations (- 196
amu) respectively (Es-Safi, Cheynier & Moutounet, 2002; Es-Safi, Le Guernevé,
Cheynier & Moutounet, 2002).

In the experiment described here, the spectral characteristics of all the samples
exhibiting significant pigment production at 440 nm were compared to those of an
authentic solution of glyoxylic acid-derived xanthylium cations and corresponding ethyl
esters, formed by reaction of (+)-catechin with glyoxylic acid in aqueous ethanol
solutions (Clark, Prenzler & Scollary, 2003).

The HPLC-DAD chromatograms of the ascorbic acid and (+)-catechin samples,
regardless of the supporting buffer, indicated strong similarities between peaks 1-4
(Figure 4.6A-B) and the glyoxylic acid-derived xanthylium cations (Figure 4.6C, peaks
1-4) as well as peaks 5, 6a and 6b (Figure 4.6A-B) with the corresponding xanthylium
ethyl esters (Figure 4.6C, peaks 5 and 6). Peak 6 in Fig. 4.6C is thought to actually
correspond to a non-resolved combination of the two peaks, 6a and 6b (Figure 4.6A-B)
due to the high intensity of peak 6 in the reference solution (i.e., 100 times more intense
than peaks 6a and 6b).
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Figure 4.6: HPLC-DAD chromatograms at 440 nm after 24 days of the ascorbic acid
and (+)-catechin samples in A: formic acid- and B: tartaric acid-buffered solutions and
C: the authentic glyoxylic acid-derived xanthylium cation (peaks 1-4) and
corresponding ethyl ester (peaks 5-7) after 3 days.

In addition, the UV-visible spectra of each peak present in the sample chromatograms at
440 nm were compared to those of authentic glyoxylic acid-derived xanthylium cations
and corresponding ethyl esters (Figure 4.7). Although of lower intensities, the spectra
from the experimental samples matched those of the authentic glyoxylic acid-derived
xanthyliums and reinforced the similarity between the main pigments formed in this
experiment and those previously described in catechin-derived phenolic pigmentation.
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GA-XC

GA-XEE

Figure 4.7: UV-visible spectra of peak 1 (red spectrum) and peak 6 (blue spectrum) and
authentic glyoxylic acid-derived xanthylium cations (GA-XC) and corresponding ethyl
esters (GA-XEE) (black spectra as indicated on the figure).

Finally, analyses were performed by HPLC-MS to validate the identity of the produced
pigments, as detected by HPLC-DAD at 440 nm. HPLC-MS analysis of the authentic
glyoxylic acid-derived xanthyliums is shown in Figure 4.8C. The mass chromatogram
displays the peaks accounting for the glyoxylic acid-derived xanthylium cations (peaks
11-14) and the corresponding ethyl esters (peak 15), extracted at m/z = 617 and m/z =
645, respectively, in the positive ionisation mode.

Samples in this experiment were analysed under the same HPLC-MS detection
conditions and revealed the presence of the glyoxylic acid-derived xanthylium cations
and corresponding ethyl esters, consistent with the peaks observed on DADchromatograms (Figure 4.6). Single ion monitoring mass chromatograms of the ascorbic
acid and (+)-catechin solutions in both buffer systems (Figure 4.8A-B) exhibited the
glyoxylic acid-derived xanthylium cation (m/z = 617; peaks 11-14) and corresponding
ethyl ester peaks (m/z = 645; peak 15), around 35-45 min and 75.50 min, respectively.
Peaks 8-10 (Figure 4.8A-B) were detected in the negative ionisation mode at 635 m/z
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and were consistent with carboxymethine-linked (+)-catechin dimers which are known
intermediates in the formation of the glyoxylic acid-derived xanthylium cations
(Fulcrand et al., 1997).
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IV.II.4. Implication of the supporting buffer in the ethanol model wine systems

Over the reaction period, the DAD- and MS-chromatograms showed the formation of
the glyoxylic acid-derived xanthylium cations and corresponding ethyl esters. The
samples containing both ascorbic acid and (+)-catechin exhibited the presence of the
glyoxylic acid-derived xanthyliums, regardless of the supporting buffer (Figures 4.6 and
4.8A-B). The same pigments were detected in the (+)-catechin sample (i.e., without
added ascorbic acid) buffered with tartaric acid but in much lower intensity, while no
peaks were detected in the (+)-catechin model system buffered with formic acid.

The formation of the glyoxylic acid-derived xanthylium cations is well known from the
reaction of (+)-catechin and tartaric acid degradation products (Fulcrand et al., 1997;
Clark et al., 2007). Also, the enhanced formation of the pigments in the presence of
ascorbic acid, as observed in the (+)-catechin / ascorbic acid samples buffered by
tartaric acid (Figures 4.6B and 4.8B), has been previously reported and attributed in part
to hydrogen peroxide (Bradshaw et al., 2003). However, the results here show that the
glyoxylic acid-derived xanthyliums are also generated during incubation of (+)-catechin
and ascorbic acid in the formic acid buffer. This implies that ascorbic acid either
degrades into glyoxylic acid or alternatively, some other compounds capable of reacting
with (+)-catechin to form the glyoxylic acid-derived xanthylium cations. For example,
other compounds, such as glyoxal and dihydroxyfumaric acid, are known to produce the
glyoxylic acid-derived xanthylium cations when incubated in model wine solutions with
(+)-catechin (Es-Safi, Cheynier & Moutounet, 2003; Clark, 2008). However the
mechanistic details for the production of ascorbic acid-derived xanthylium pigments has
not been described previously and it is the subject of the work presented in Chapter V.
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IV.III. INFLUENCE OF ETHANOL ON THE PIGMENT FORMATION

As discussed in Chapter I, Section I.IV.3, hydrogen peroxide and metal ions, or
hydroxyl radicals directly, can induce the formation of glyoxylic acid from tartaric acid
(Fenton, 1894; Clark et al., 2007). Furthermore, the oxidation of ascorbic acid to
dehydroascorbic acid occurs via a radical mechanism detailed in Chapter I, Section
I.IV.1. Also, ethanol can act as an inhibitor of such oxidising reactions when at high
concentrations and in oxygenated solutions (O’Donnell & Sangster, 1970). Radical
scavengers such as ethanol and mannitol, a six-membered carbon polyol also present in
wine at concentrations within 80-300 mg/L (Zoecklein et al., 1995), were found to
inhibit the ascorbic acid-derived pigment formation, while little effect was observed for
the pigment production in samples without ascorbic acid (Bradshaw, 2001).

Ethanol-derived radicals have recently been identified in model wine systems using
radical trapping agents in combination with Electron Paramagnetic Resonance (EPR) as
a consequence of ethanol oxidation by hydroxyl radicals (Elias et al., 2009). The 1hydroxylethyl radical appeared to be the main radical detected during wine oxidation
due to the large abundance of ethanol in the wine medium.

Therefore, an experiment was conducted using the same model system concept
described above but in the absence of ethanol (Figure 4.1) to assess the impact of
ethanol on the type and concentration of pigments generated from both tartaric acid and
ascorbic acid degradation products. As the first step in understanding the influence of
ethanol, the pigments formed in the absence of ethanol were compared to those
previously identified in ethanol model systems, that is the glyoxylic acid-derived
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xanthylium cations, and the kinetics of formation were investigated. In addition, the
decay rates of (+)-catechin and ascorbic acid were examined to gain further insight into
the ascorbic acid’s direct involvement in pigment formation.

IV.III.1. Pigment formation in ethanol-free model wine systems

The HPLC-DAD and HPLC-MS analyses of the ethanol-free samples showed that the
main pigments generated were the same glyoxylic acid-derived xanthylium cations as
identified in the equivalent samples containing ethanol. This was confirmed by their
identical retention times, UV-visible spectra and MS data to authentic glyoxylic acidderived xanthylium cations. Figure 4.9 shows the chromatograms at 440 nm of all the
samples at the end of the experiment and underlines the similarity of the pigments. As a
direct consequence of the absence of ethanol, no ethyl esters of the xanthylium cation
(Figure 4.9) were detected in the ethanol-free model wine systems.

Ethanol-free

Ethanol

Figure 4.9: HPLC-DAD chromatograms at 440 nm after 24 days of the ascorbic acid /
(+)-catechin (AA+Cat) and (+)-catechin alone (Cat) samples in all model wine systems.
164

Chapter IV – The contribution of ascorbic acid to the pigment development in model wine systems

The final peak intensities of the glyoxylic acid-derived xanthylium cation (at 440 nm)
were in the same rank order (i.e., AA+Cat (tartaric acid) > AA+Cat (formic acid) > Cat
(tartaric acid)) regardless of the presence or absence of ethanol (Figure 4.9). In addition,
the chromatograms exhibited higher peak intensity in the ethanol-free model wine
systems compared to ethanol-containing samples after 24 days (Figure 4.9). These
observations are consistent with the visual assessment conducted on the ethanol-free
samples (Figure 4.10). The samples containing ethanol, previously shown in Figure 4.2,
have been included in Figure 4.10 (right hand side) for comparison purposes. It is
evident when comparing ethanol and ethanol-free samples (Figure 4.10) that the
presence of alcohol did reduce the colouration, therefore implying lower pigment
formation. Consequently, although ethanol did not impact on the type of pigment
generated it did inhibit the rate of pigment formation.

Day 5

Day 13

Day 23

AA

AA + Cat
Formic acid

Cat

AA AA + Cat
Tartaric acid

Cat

AA

AA + Cat

Cat

Formic acid / EtOH

AA AA + Cat

Cat

Tartaric acid / EtOH

Figure 4.10: Visual aspect of the all the samples at day 5 (upper), 13 (middle) and 23
(lower). AA: ascorbic acid; Cat: (+)-catechin; EtOH: ethanol. The right hand side of the
figure was initially shown in Figure 4.2 but is reproduced here for comparison purposes.
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All samples exhibited accelerated formation of the glyoxylic acid-derived xanthylium
cations in the absence of ethanol compared to the presence of ethanol (Figure 4.11). The
exception was the (+)-catechin sample in formic acid (Figure 4.9) in which, neither
ascorbic acid nor tartaric acid is able to generate a mechanism for glyoxylic acidderived xanthyliums cations production.

Figure 4.11: Influence of ethanol on the glyoxylic acid-derived xanthylium cation
production. AA: ascorbic acid; Cat: (+)-catechin; EtOH: ethanol. Each point
corresponds to the average value of the 3 replicates and is the sum of the xanthylium
peaks observed at 440 nm. Error bars represent the 95% confidence limit (p = 0.05)
calculated from the 3 values measured for each model system.

Interestingly, the ascorbic acid and (+)-catechin sample buffered with formic acid (AA
+ cat / formic, Figure 4.11) showed about four times more xanthylium cation production
than the equivalent sample containing ethanol (AA + cat / formic + EtOH, Figure 4.11).
In this case, the xanthylium cation production could not result from the degradation of
the supporting formic acid buffer, but from the degradation products of ascorbic acid.
Therefore, the results suggest that ethanol can also have a critical influence in
minimising the extent of xanthylium cations derived from the ascorbic acid degradation
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product(s). The exact mode by which ethanol can exert this effect is not certain, but may
include an inhibitory influence on the formation of some of the ascorbic acid
degradation products and/or an impact on the reactivity of the ascorbic acid degradation
products with (+)-catechin.

IV.III.2. Decay of (+)-catechin in model wine systems

As already described, the main pigments in all samples were identified as glyoxylic
acid-derived xanthyliums. As highlighted by their structures (Figure 4.5), both the
xanthylium cations and ethyl esters contain two units of (+)-catechin. Therefore, the
pigment formation could be directly linked to the loss of (+)-catechin in the samples.

The (+)-catechin concentration was monitored by HPLC-DAD during the reaction
period and its decrease over time is shown in Figure 4.12. Clearly, samples containing
ascorbic acid had a higher (+)-catechin decay (54 to 68%, Figure 4.12) compared to
those without ascorbic acid (6 to 13%, Figure 4.12). In samples containing ascorbic
acid, the (+)-catechin decay occurred rapidly, while in contrast, the samples without
ascorbic acid only showed a more pronounced decay towards the end of the experiment
(day 24, Figure 4.12). Loss of (+)-catechin was observed immediately after the
beginning of the incubation, although pigment formation only started after 4 to 8 days
as shown in Figure 4.11. A possible cause for the immediate deacy in (+)-catechin is
presented in the next chapter (Chapter V).
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Total loss (%)
6
9
11
13
54
56
61
68

Figure 4.12: Concentration of (+)-catechin. AA: ascorbic acid; Cat: (+)-catechin;
EtOH: ethanol. Each point corresponds to the average of 3 measurements. Error bars
represent the 95% confidence limit (p = 0.05) calculated from the 3 values measured for
each model system. Loss of (+)-catechin after 24 days displayed in right hand side table.

The enhanced loss of (+)-catechin occurred in the presence of ascorbic acid regardless
of the supporting buffer as well as the presence or absence of ethanol. However, the
major (+)-catechin loss was found to occur in the ascorbic acid / (+)-catechin mixture
contained in the ethanol-free tartaric acid-buffered model wine system (Cat (+AA /
tartaric), Figure 4.12), which is in accordance with the higher peak height (Figure 4.9)
and larger peak area (Figure 4.11) as described above for xanthylium cation production.

On each day of this experiment, samples containing ascorbic acid were in the same
order of (+)-catechin loss: tartaric acid ethanol-free solution (Cat (+AA / tartaric)) >
tartaric acid ethanol wine system (Cat (+AA / tartaric & EtOH)) > formic acid ethanolfree solution (Cat (+AA / formic)) > formic acid ethanol wine system (Cat (+AA /
formic & EtOH)) (Figure 4.12). These observations are in agreement with the
absorbance measurements (Figure 4.4) showing more colouration with tartaric acid than
formic acid. Comparatively, ethanol-free solutions had enhanced (+)-catechin loss
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compared to ethanol wine systems, which can be related to the peak area of the
glyoxylic acid-derived xanthylium cations (Figure 4.11).

At this stage, drawing further conclusions is complicated due to the influence of ethanol
on the various reactions that might be occurring and the many individual steps ethanol
could impact on.

IV.III.3. Degradation of ascorbic acid and kinetic behaviour of its degradation
products in model wine systems

The onset of xanthylium pigment formation was found to depend on ethanol, being 4
days in ethanol-free model wine systems and after 8 days in the presence of ethanol
(Figure 4.11). In a previous study on the effect of ascorbic acid on the colouration of
(+)-catechin model wine solutions (i.e., with ethanol) under conditions similar to this
experiment, the onset of colouration was shown to take place only after the solution was
nearly depleted in ascorbic acid (Bradshaw et al., 2003). The impact of ethanol was
therefore investigated in all the samples and was found to exert a significant difference
(p = 0.05) on the decay of ascorbic acid (Figure 4.13).

In the presence of ethanol, ascorbic acid was nearly depleted in four days while without
ethanol, it took eight days for ascorbic acid to degrade (Figure 4.13), therefore
highlighting the importance of alcohol in the degradation of ascorbic acid. The
difference in ascorbic acid degradation rates has been discussed in more detail in
Chapter III, Section III.III.4, although no definite explanation could be drawn.
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Figure 4.13: Influence of ethanol on ascorbic acid decay. Cat: (+)-catechin; FA: formic
acid; TA: tartaric acid; EtOH: ethanol. Each point corresponds to the average value of
the 3 replicates. Error bars represent the 95% confidence limit (p = 0.05) calculated
from the 3 values measured for each model system.

The time by which ascorbic acid was depleted did not coincide with the onset of
xanthylium pigment formation (Figure 4.11), contrary to Bradshaw and co-workers’
observations (2003). Rather, the opposite trend was observed: when ascorbic acid was
depleted in 4 days in the presence of ethanol (Figure 4.13), the pigments accumulated
from day 8 (Figure 4.11), while in the absence of ethanol, ascorbic acid was consumed
in 8 days (Figure 4.13) and xanthylium pigment formation started by day 4 (Figure
4.11). This suggests that ethanol may be influencing the pathways by which ascorbic
acid decays; that is, in the absence of ethanol, the active precursor for xanthylium
pigment formation may be formed preferentially. Alternatively, ethanol could impact on
the ascorbic acid degradation and pigment formation via different mechanisms.

Therefore, HPLC-DAD chromatograms (Figure 4.14) were inspected to gain insights on
the impact of ethanol on the formation of the ascorbic acid degradation products.
Examination of the ascorbic acid degradation peaks on the HPLC-DAD chromatograms
revealed differences in terms of formation and/or degradation kinetics rates depending
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on the presence or absence of ethanol, yet, there was no apparent impact on the range of
products formed (Figure 4.14). As determined above, a degradation product of ascorbic
acid is capable of producing glyoxylic acid-derived xanthylium cations when in the
presence of (+)-catechin. Consequently, a difference in the formation rates and/or total
amount produced of the ascorbic acid degradation products could be a factor impacting
on the subsequent pigment formation.

Figure 4.14: DAD-chromatograms at 280 nm of the ascorbic acid degradation in all
model wine systems at A: day 4 and B: day 8. In ethanol-free model wine systems:
formic acid (pink), tartaric acid (mauve); in ethanol model wine systems: formic acid
(red), tartaric acid (blue). Assignment of peaks 1-3 based on the comparison of elution
times and UV-visible spectra with the peaks in Figure 3.2, Chapter III.

HPLC-DAD chromatograms of the ascorbic acid samples were examined particularly at
day 4 and day 8 (Figure 4.14), as these were the critical days for the loss of ascorbic
acid (Figure 4.13). Similar to the ascorbic acid decay, the supporting buffers did not
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impact on the ascorbic acid degradation products, as shown by the similarity of the
chromatograms (Figure 4.14) between formic acid (pink: ethanol-free; red: ethanol) and
tartaric acid (mauve: ethanol-free; blue: ethanol) solutions. However, there was a clear
influence of ethanol on the chromatographic profiles (Figure 4.14). While some
differences in intensity can be observed for some peaks (e.g. peak 3, Figure 4.14), the
poor resolution at the beginning of the chromatograms prevented examination of the
most populated peak region (Figure 4.14). In addition, the presence of ethanol (12%,
v/v) was sufficiently high to act as part of the HPLC elution gradient and modify the
shape and/or retention time of the peaks (Figure 4.14).

As the major and most stable peak on the chromatogram, peak 3 (Figure 4.14) was
monitored over the reaction period to assess any impact of ethanol on its accumulation.
The variations within each triplicate were in some cases quite large (RSD up to 14%,
‘AA + Cat – FA / EtOH’ sample) (Figure 4.15). These variations could possibly be due
to the stability of the samples in the autosampler of the HPLC. The latter was
maintained at a minimum of 8 °C to limit any ‘on-going’ reactions, but lower
temperatures could not be applied as it can lead to the crystallisation of hydrogen
tartrate, used in the model wine systems (Ribéreau-Gayon, Glories, Maujean &
Dubourdieu, 2000). However, even this temperature may not have been sufficient to
inhibit any ‘on-going’ reactions (Margolis & Park, 2001), particularly for large sample
runs (Section III.III.3, Chapter III). In addition, some ascorbic acid degradation
products have been reported to be volatile (Tatum, Shaw & Berry, 1969; Velíšek,
Davídek, Kubelka, Zelinková & Pokorný, 1976), and this could contribute to the
variability induced by the sampling techniques.
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A significant trend (p = 0.05) differentiating the samples with and without ethanol could
nonetheless be established when examining the intensity of peak 3 (Figure 4.15). The
samples in ethanol-free model wine systems (FA and TA, Figure 4.15) exhibited a
slower rate of formation, as expected from the lower rate of degradation of ascorbic
acid, reaching a maximum in peak area at day 8 (i.e., the day at which ascorbic acid is
fully depleted, Figure 4.13). On the other hand, samples containing ethanol (FA / EtOH
and TA / EtOH, Figure 4.15) also reached a maximum at day 8, but had a maximum
rate of formation until day 4 (Figure 4.15), the day at which ascorbic acid was near
depletion (Figure 4.13). In other words, the rate of formation of the compound
corresponding to peak 3 was dependent on the rate of ascorbic acid decay. However, the
maximum peak intensity was larger in ethanol model wine systems (Figure 4.15)
despite similar initial ascorbic acid concentration in all samples.

Figure 4.15: Influence of ethanol on the accumulation of peak 3 detected at 280 nm.
AA: ascorbic acid; Cat: (+)-catechin; FA: formic acid; TA: tartaric acid; EtOH: ethanol.
Each point corresponds to the average value of the 3 replicates. Error bars represent the
95% confidence limit (p = 0.05) calculated from the 3 values measured for each model
system.
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After day 8, all samples exhibited loss in peak 3, generally slower in the ethanol
samples than in the ethanol-free model wine systems (Figure 4.15). Such differences in
maximum peak area and loss rates could be explained by a different reactivity or a
better stability of the compound responsible for peak 3 in ethanol solutions. This could
involve the ability of ethanol to protect ‘peak 3’ from free radical-induced degradation
mechanisms.

In addition, the presence of (+)-catechin seemed to reduce the decay of ‘peak 3’ (Figure
4.15). This impact of (+)-catechin was reduced by the presence of ethanol. Although the
exact manner by which (+)-catechin can achieve this impact is not certain, it is likely
that it may also protect the ascorbic acid degradation product from oxidative
degradation mechanisms. The stability of ascorbic acid degradation products will be
investigated further in Chapters VI and VII, whereupon the role of oxygen and sulfur
dioxide concentrations will also be considered.

Although, the chromatograms of the ascorbic acid degradation products (Figure 4.14)
did not allow clear links between any specific products and the formation of the
glyoxylic acid-derived xanthylium pigment, the influence of ethanol on the ascorbic
acid degradation and subsequent product formation provides new insights on the
degradation of ascorbic acid in a wine environment. In ethanol-free model wine
systems, ascorbic acid decayed at a slower rate and consequently, at least one ascorbic
acid degradation product was formed at a slower rate. However, the absence of ethanol
also impacted significantly on the yield and stability of the ascorbic acid degradation
product depicted in Figure 4.15. Similarly, (+)-catechin appeared to enhance the
stability of at least one degradation product. If radicals were involved in the formation
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of this degradation product, it would then be expected that samples without ethanol
would produce more of this compound, which was not the case (Figure 4.15). However,
if its degradation occurred via free radicals, its accumulation would be higher in the
presence of ethanol and its decay would therefore be slowed down, which is supported
by the data in Figure 4.15. Further work on the ascorbic acid degradation products will
be discussed in Chapter VI, in which different monitoring and separation techniques are
employed.
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IV.IV. CHAPTER SUMMARY

The results of this study confirm that xanthylium cations, identical to those derived
from glyoxylic acid and (+)-catechin, are the main pigments formed during the
accelerated colouration of ascorbic acid and (+)-catechin model wine solutions.
Importantly, this was shown to be the case, regardless of the supporting buffer in the
model wine system, confirming that a degradation product of ascorbic acid, other than
hydrogen peroxide, was able to react with (+)-catechin and form the same xanthylium
cation as those derived from glyoxylic acid and (+)-catechin. Therefore, the results
demonstrate an alternative mechanism for the formation of these particular xanthylium
cations in model wine systems. Previously, their mode of formation was only
designated to the oxidative degradation of tartaric acid and subsequent production of
precursors such as glyoxylic acid, glyoxal and dihydroxyfumaric acid.

On the other hand, ethanol was observed to slow the production of the xanthylium
cations regardless of their production from ascorbic acid- or tartaric acid-derived
mechanisms, which could possibly arise from the involvement of free radicals in the
pigment formation pathways. Alternatively, ethanol could decrease the reactivity of the
ascorbic acid degradation products or allow their accumulation by scavenging free
radicals involved in their degradation mechanisms. However, the influence of ethanol
on the production of ascorbic acid derived pigments remains unclear due to its
numerous potential implications. The identification of the critical ascorbic acid
degradation product(s) is investigated in more detail in the next chapter.
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CHAPTER V
IDENTIFICATION OF A PIGMENT PRECURSOR FORMED
FROM THE DEGRADATION OF ASCORBIC ACID

V.I. INTRODUCTION

Flavan-3-ols in wine, such as (+)-catechin, are well known to react with compounds
containing aldehyde groups (Timberlake & Bridle, 1976; Fulcrand, Cheynier,
Oszmianski & Moutounet, 1997; Saucier, Guerra, Pianet, Laguerre & Glories, 1997; EsSafi et al., 1999b) formed or extracted during the wine making processes and ageing.
The most commonly occurring aldehyde in wine production is acetaldehyde, generated
mainly by yeast during fermentation, or by the oxidation of ethanol (Wildenradt &
Singleton, 1974). Other compounds produced in wine that also contain an aldehyde
group include glyceraldehyde, glyoxylic acid and furfural. The first two may be
generated under oxidative storage conditions of wine (Fulcrand et al., 1997; Laurie &
Waterhouse, 2006; Clark, Prenzler & Scollary, 2007), while furfural can be extracted
during the ageing of wine in oak (Nonier et al., 2006b).

Of these aldehydes, glyoxylic acid (Es-Safi et al., 1999b) and furfural (Es-Safi,
Cheynier & Moutounet, 2000a; Nonier, Vivas, Vivas de Gaulejac, Pianet & Fouquet,
2007) have been shown to participate in xanthylium cation pigment formation after their
reaction with (+)-catechin in model systems. Glyoxylic acid and furfural form
xanthylium cations substituted on the middle six membered-ring (containing O+) of the
xanthylium moiety by methanoic acid (Figure 1.4, Chapter I) and furfuryl, respectively.
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Although not an aldehyde itself, dihydroxyfumaric acid has also been shown to generate
glyoxylic acid-derived xanthylium cations in (+)-catechin solutions (Clark, 2008). It is
postulated that the dihydroxyfumaric acid first degraded and that subsequent aldehyde
products reacted with (+)-catechin to afford the glyoxylic acid-derived xanthylium
cations. To date, the glyoxylic acid-derived xanthylium cation pigments have been
reported for red wine (Es-Safi, Le Guernevé, Fulcrand, Cheynier & Moutounet, 2000d)
and highly oxidised white wine exposed to sunlight (Maury, Clark & Scollary, 2010).

Although tartaric acid is known as the main source of glyoxylic acid and glyoxal which
lead to the formation of glyoxylic acid-derived xanthylium cations, there is as yet no
evidence of the mechanism by which ascorbic acid contributes to the formation of these
same pigments. Nonetheless, a recent study by Clark et al. (2008) reported the
formation of two colourless species in model wine systems, containing ascorbic acid
and (+)-catechin, similar to those employed in this thesis. The colourless compounds
accumulated while ascorbic acid was still present in solution and then underwent rapid
degradation once ascorbic acid was near depletion. Their degradation also coincided
with the production of pigmented species in the model wine system. Therefore, these
colourless compounds appear to be critical to the formation of pigments in model wine
systems. Despite intense effort, these compounds have until now eluded identification.

V.I.1. Chapter aims

The previous chapter demonstrated that in model wine systems, a degradation product
of ascorbic acid, other than hydrogen peroxide, was contributing to the production of

182

Chapter V – Identification of a pigment precursor formed from the degradation of ascorbic acid

coloured glyoxylic acid-derived xanthylium cations when incubated with (+)-catechin.
Therefore, it was concluded that either glyoxylic acid could be formed from ascorbic
acid or that some other degradation product(s) reacted with (+)-catechin and led to the
glyoxylic acid-derived xanthylium cations. Following on outcomes from a recent study
by Clark et al. (2008), this section investigates the identification and possible
mechanism by which a carbon-based ascorbic acid degradation product, as opposed to
hydrogen peroxide, is acting as a precursor to the formation of the yellow glyoxylic
acid-derived xanthylium pigments.

V.II. IDENTIFICATION OF COLOURLESS INTERMEDIATE COMPOUNDS

V.II.1. Factors influencing the formation of colourless products in various model
wine systems

Various reaction systems have been used in modelling ascorbic acid oxidation. For
example, Clark et al. (2008) recently observed the formation of two ‘new’ colourless
compounds, in model wine systems containing both ascorbic acid and (+)-catechin in
the presence of iron(II) (1.5 mg/L). In addition, there was tentative evidence that the
same, or similar, compounds were also formed in the iron-free model wine solutions
utilised in the previous section (Chapter IV).

Initial studies were therefore conducted to ensure that the colourless compounds
emanated specifically from ascorbic acid and (+)-catechin and were not dependent on
other components of the model wine system. As already mentioned in Chapters I and
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IV, the oxidative degradation product of tartaric acid, used to buffer wine-like media, is
known to contribute to the formation of (+)-catechin oligomers through glyoxylic acid
production (Fulcrand et al., 1997; Es-Safi et al., 1999b).

To ascertain the origin of the two colourless species, model wine solutions were
prepared at several concentrations of ascorbic acid, (+)-catechin, iron(II) and ethanol,
and different supporting buffer systems of either tartaric acid or formic acid, as detailed
in Table 5.1. The formation of the colourless compounds, as represented by peaks 1 and
2 (Figure 5.1), was found to be solely relying on the simultaneous presence of ascorbic
acid and (+)-catechin in solution.

Table 5.1: Composition of the model wine systems used in the identification of the
colourless compounds. AA: ascorbic acid; Cat: (+)-catechin; TA: tartaric acid; FA:
formic acid.
All combinations1

Reactants

Model wine
systems

AA (mg/L)

500

1000

Cat (mg/L)

250

500

Fe(II) (mg/L)

--

1.5

Buffer
Ethanol (%, v/v)

1

TA
--

FA
12

--

TA
12

12

All combinations of reactants were utilised: none, one of each or both.

The formation and degradation kinetics of the colourless compounds were monitored by
means of HPLC and UPLC (Ultra Performance Liquid Chromatography), the latter
allowing shorter analysis times as demonstrated in Figure 5.1. Preliminary
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investigations were based on their UV-visible spectra (inset, Figure 5.1A) and their
chromatographic retention times, i.e., 2.58 and 2.77 minutes under UPLC conditions
(Figure 5.1A) and 18.50 and 18.92 minutes under HPLC conditions (Figure 5.1B).

A

284.1
0.20

0.15
AU

AA degradation
products
(+)-Catechin
Peak 1
Peak 2

0.10

284.1
0.05

0.00
250.00

300.00

350.00

400.00

450.00

500.00

nm

B

1.00

0.80

AU

0.60

0.40

0.20

0.00
2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

11.00 12.00
Minutes

13.00

14.00

15.00

16.00

17.00

18.00

19.00

20.00

21.00

Figure 5.1: Liquid chromatograms at 280 nm of an ascorbic acid-(+)-catechin solution
after 4 days at 45 °C with UV-visible spectra of peaks 1 and 2 (inset). The model wine
system consisted of a tartaric acid-buffered 12% (v/v) aqueous ethanol solution (pH 3.2)
with A: 1000 mg/L ascorbic acid, 500 mg/L (+)-catechin and 1.5 mg/L iron(II) on
UPLC-DAD and B: 500 mg/L ascorbic acid and 250 mg/L (+)-catechin on HPLC-DAD.

An example of the formation and decay profiles observed for peaks 1 and 2 in all model
wine systems containing both (+)-catechin and ascorbic acid is shown in Figure 5.2. As
observed by Clark et al. (2008), the peaks identified as 1 and 2 increased to a maximum
intensity and then began to decrease once ascorbic acid was near depletion (days 8-12,
1000 mg/L ascorbic acid, tartaric acid-buffered 12% (v/v) aqueous ethanol model
system, 1.5 mg/L iron(II), Figure 5.2).
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Figure 5.2: Formation and decay of peaks 1 and 2 in a tartaric acid-buffered 12% (v/v)
aqueous ethanol model wine with (+)-catechin (Cat: 500 mg/L), ascorbic acid (AA:
1000 mg/L) and 1.5 mg/L iron(II).

In addition, and as has already been observed in Chapter IV (section IV.III.2), (+)catechin loss was enhanced by the presence of ascorbic acid in solution, as the
polyphenol disappearance (Cat, Figure 5.2 and Table 5.2) is immediate and faster than
in the absence of ascorbic acid (Cat alone, Figure 5.2 and Table 5.2). Nevertheless,
more correlations can be gained by dividing Figure 5.2 in 3 parts (orange dotted lines,
Figure 5.2). First, while ascorbic acid and (+)-catechin degraded at constant rates until
day 8 (Table 5.2), the colourless compounds were formed with maximum peak
intensities reached by day 8. Then, as ascorbic acid reached full depletion, the
colourless compounds started degrading along with an increase in the rate of decay of
(+)-catechin (days 8-12, Table 5.2). This could indicate (+)-catechin’s own contribution
in the degradation or cleavage of the colourless compounds. Finally at day 12, while
both ascorbic acid and the colourless compounds were fully degraded, (+)-catechin
depletion rate returned to its initial magnitude (Table 5.2). The latter is further
confirmation of the involvement of (+)-catechin in the cleavage of the colourless
compounds and will be discussed later in Section V.III of this Chapter.
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Table 5.2: Formation and/or degradation rates of ascorbic acid, (+)-catechin and peaks
1 and 2 in a tartaric acid-buffered 12% (v/v) aqueous ethanol model wine with (+)catechin (Cat: 500 mg/L), ascorbic acid (AA: 1000 mg/L) and 1.5 mg/L iron(II).

Time (day)

AA

Cat

Cat alone

mg/L.day

Peak 1

Peak 2

Peak area/day

2

- 14

-3

-1

88 320

245 130

4

-7

-4

-1

90 070

297 070

6

-4

-3

-1

91 300

192 300

8

-9

-3

-1

103 005

346 050

10

- 12

-9

-1

- 197 260

- 487 100

12

-3

- 10

-1

- 174 368

- 579 557

14

0

-6

-2

- 1 067

- 13 894

17

0

-2

-1

0

0

As mentioned above (Table 5.1), the model wine systems used in the previous Chapter
were utilised to allow further investigation in the formation of the colourless
compounds based on the model wine composition. Figure 5.3 shows the formation and
decay of peaks 1 and 2 depending on the supporting buffer, tartaric acid or formic acid
and the presence or absence of ethanol. In this case, the initial concentration of ascorbic
acid was 500 mg/L and was near depletion after four days in the presence of ethanol
(12%, v/v) and eight days in the absence of the alcohol (Figure 4.13, Chapter IV).
Similar to what was observed in Figure 5.2, the ethanol model wine samples (FA/EtOH
and TA/EtOH, Figure 5.3) exhibited a maximum intensity in area for both peaks when
ascorbic acid was near depletion (day 4), demonstrating no significant impact from the
supporting buffers.

However, the ethanol-free samples showed a different behaviour depending on the
supporting buffer used in solution. The samples containing formic acid (peaks 1 and 2 FA; Figure 5.3) exhibited a maximum intensity at day 8, which corresponded to the
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time by which ascorbic acid was fully depleted. Yet, the samples containing tartaric acid
(peaks 1 and 2 - TA; Figure 5.3) reached a maximum intensity at day 4, similar to the
ethanol samples. It is not clear at this stage why the tartaric acid ethanol-free samples
did not follow the trend, i.e., maximum peak intensity of the colourless compounds
matching with depletion of ascorbic acid. However, slight variations in the rate of
ascorbic acid decay (Figure 4.13, Chapter IV) and the rapid formation and depletion of
peaks 1 and 2, until day 8 (Figure 5.3) probably contribute.

Interestingly, there was a trend for the formic acid samples to either show higher peak
intensity and/or remain in solution for a longer period of time (peaks 1 and 2 – FA &
FA/EtOH, day 8, Figure 5.3) compared to the tartaric acid samples. The absence of
ethanol seemed to enhance the effects above (peaks 1 and 2 – FA & FA/EtOH, day8,
Figure 5.3). Therefore, further insights into the impact of buffers and ascorbic acid
depletion on the colourless compounds kinetics are required in order to determine the
various competing factors that seem to be in operation here.

Figure 5.3: Formation and decay of peaks 1 and 2 in a tartaric acid- and formic acidbuffered aqueous solution with (12%, v/v) and without ethanol containing (+)-catechin
(250 mg/L) and ascorbic acid (500 mg/L). FA: formic acid; TA: tartaric acid; EtOH:
ethanol. Error bars indicate the 95% (p = 0.05) confidence limits (n = 3).
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In all combinations of the model wine system, the formation of compounds 1 and 2 was
only reliant upon the presence of both (+)-catechin and ascorbic acid. Other components
of the model wine system, iron (0-1.5 mg/L), supporting buffer (tartaric acid or formic
acid) and/or ethanol (0-12%, v/v), had some impact on the rate of formation of the
compounds but were not essential to the formation of these colourless compounds.

V.II.2. Identification of the colourless compounds

The colourless compounds, until now monitored as peaks 1 and 2 in model wine
systems, were subsequently incubated in the model wine system containing both
ascorbic acid and (+)-catechin, iron(II), tartaric acid and ethanol (detailed in the last
column of Table 5.1). After isolation using semi-preparative HPLC, their full
characterisation was performed by means of high resolution Fourier Transform-Ion
Cyclotron Resonance-Mass Spectrometry (FT-ICR-MS) and 1H,

13

C and various two-

dimensional Nuclear Magnetic Resonance (NMR) analyses.

V.II.2.1. Preliminary MS identification of the colourless compounds

Compounds 1 and 2 yielded identical HPLC-ESI-MS spectra with pseudo-molecular
ion, also the base ion, at m/z = 401 and 403 in negative and positive ionisation modes,
respectively (Figure 5.4). Similarly, the high resolution MS1 analyses performed in
negative ionisation mode gave identical masses (monoisotopic mass = 401.0873 ±
1

Analyses performed by John Allen from the Research School of Chemistry, Australian National
University, Canberra – Australia.
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0.0012 ppm; Figure 5.5) for both compounds. These facts coupled with identical UVvisible spectra (inset, Figure 5.1) suggested that the compounds were in fact isomers.

In addition, the UV-visible spectra exhibited an absorption maximum at 284 nm,
suggesting that the colourless compounds contained the (+)-catechin chromophore (

max

= 280 nm (Timberlake & Bridle, 1976; Oszmianski, Cheynier & Moutounet, 1996))
albeit slightly bathochromically shifted to 284 nm. Similar shifts in UV-visible
absorption maximum are also observed in (+)-catechin substituted compounds such as
formaldehyde-substituted (+)-catechin (

max

= 295 nm (Es-Safi, Le Guernevé, Cheynier

& Moutounet, 2000b; Es-Safi, Le Guernevé, Cheynier & Moutounet, 2000c)),
methylmethine-linked (+)-catechin dimers (

max

= 276-281 nm (Clark, Prenzler &

Scollary, 2003)) and were extensively discussed on a wider range with substituted
anthocyanins (de Freitas & Mateus, 2006).

HPLC-ESI-MS analyses in negative ionisation mode also revealed the occurrence of a
fragment at m/z 289 (left hand side, Figure 5.4), which is consistent with the presence
of a (+)-catechin moiety in the compounds. For the more concentrated isomer (i.e., peak
2), the positive ion mode showed further fragments at 251 and 139 m/z (right hand side,
Figure 5.4). These are consistent with fragmentation of the parent ion (403 m/z) and
(+)-catechin fragment (291 m/z) via the retro Diels-Alder cleavage of the dihydropyran
moiety within (+)-catechin, respectively (Es-Safi, Le Guernevé, Cheynier & Moutounet,
2002; Lutter, Clark, Prenzler & Scollary, 2007). The 139 m/z ion fragment was also
observed for the less concentrated isomer, however, the fragmentation signals were of
much lower intensity and approaching that of the background signal.
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Figure 5.4: HPLC-DAD chromatogram at 280 nm (top), extracted ion chromatograms
(second from top) and MS spectra (insets: fragmentation spectra) of compounds 1
(second from bottom) and 2 (bottom) extracted at m/z = 401 (left hand side) and m/z =
403 (right hand side) of an ascorbic acid (500 mg/L) and (+)-catechin (250 mg/L)
solution in tartaric acid-buffered 12% (v/v) aqueous ethanol system.
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Figure 5.5: FT-ICR-MS fragmentation spectra of isolated peak 1 (left hand side) and
peak 2 (right hand side).

The high resolution MS analyses established a molecular formula of C20H18O9 (± 3
ppm) for both compounds, indicating 12 degrees of unsaturation, also called double
bond equivalent (DBE). Loss of 113 amu (MS-fragmentation data) from the compounds
gave ions with the same mass as catechin-H+ (m/z = 289 (negative ionisation mode);
C15H13O6) suggesting that the two compounds contained one (+)-catechin unit
substituted with a C5H5O3 fragment.

V.II.2.2. NMR1 characterisation of the colourless compounds

The isolated compounds were separately analysed by 1H and 13C NMR to help elucidate
their molecular structure. The chemical shifts obtained for each isomer listed in Tables
5.3 and 5.4 were first compared to those of (+)-catechin (R = H; Figure 5.6) (Nonier et
al., 2007) and substituted (+)-catechin monomers (R6 or R8 = substituting unit; Figure
5.6) (Es-Safi et al., 2002). A strong correlation in chemical shifts was found for all (+)catechin proton and carbon atoms, as assigned in Figure 5.6, and confirmed the presence
of one (+)-catechin unit in both compounds 1 and 2.
1

Analyses performed by Pr. Peter Karuso from the Department of Chemistry and Biomolecular Sciences,
Macquarie University, Sydney – Australia.
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Figure 5.6: Assigned proton and carbon atoms in the (+)-catechin molecule. R = H in
(+)-catechin; R6 or R8 = substituting unit in substituted (+)-catechin monomers; A, B
and C are used as common (+)-catechin ring designation.

Table 5.3: 1H (600 MHz, d6-DMSO) and 13C (150.9 MHz, d6-DMSO) assignments of
the (+)-catechin moiety of compounds 1 and 2. [ ] indicates exchangeable protons (OH).
Position1

1

1
1H

(ppm); m; J (Hz)

2
13C

(ppm)

1H

(ppm); m; J (Hz)

13C

(ppm)

2C

4.50; d; 7.5

80.7

4.60; d; 6.56

80.7

3C

3.83; m

66.3

3.82; m [4.88; bd; 5]

66.3

4 C

2.64; dd; 16.0, 5.5

4 C
5A

2.40; dd; 16.0, 7.5
-

154.2

[9.07; bs]

154.5

6A

-

101.5

5.99; s

94.7

7A

-

154.8

[9.05; bs]

154.4

8A

5.87; s

94.5

-

98.7

4a

-

99.9

-

98.8

8a

-

151.3

-

153.3

1’B

-

130.6

-

130.9

2’B

6.71; d; 2.1

114.5

6.64; d; 2.1

114.1

3’B

-

144.9

[8.74; bs]

144.6

4’B

-

144.9

[8.80; bs]

144.7

5’B

6.68; d; 8.1

115.1

6.64; d; 8.1

115.1

6’B

6.58; dd; 8.2, 2.1

118.3

6.53; dd; 8.2, 2.1

117.6

28.3

2.54; dd; 16.05, 5.14
2.38; dd; 16.05, 7.10

27.0

As per Figure 5.6.
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The remaining NMR signals (Table 5.4) could therefore be assigned within the C5H5O3
fragment, in accordance with the high resolution MS (Section V.II.2.1 of this Chapter).
The

13

C NMR of both compounds 1 and 2 determined the substituting fragment (

given for compound 2) to be composed of a ketone (
133.7), a methylene next to an oxygen (

C

195.1) and an enol (

C

72.2) and an aliphatic methylene (

C

C

176.0,

C

21.3)

(positions 1’’to 6’’, Table 5.4; Figure 5.7, right hand side). With three degrees of
unsaturation left for the substitution unit (9 for (+)-catechin), this suggested a 5methylene-4-hydroxy-2H-furan-3-one structure (Figure 5.7). Similar structures have
been reported as products of acid treatment of xylitol (Shono, Matsumura, Hamaguchi
& Naitoh, 1983).

Table 5.4: 1H (600 MHz, d6-DMSO) and 13C (150.9 MHz, d6-DMSO) assignments of
the (+)-catechin moiety of compounds 1 and 2. [ ] indicates exchangeable protons (OH).
Position1

1

1
1H

2

(ppm); m; J (Hz)

13C

(ppm)

1H

(ppm); m; J (Hz)

13C

(ppm)

1’’

3.78; s

21.6

3.68; AB; 16.05

21.3

2’’

-

133.6

-

133.7

4’’

4.41; s

72.3

4.37; AB; Wh/2 = 18.4

72.2

5’’

-

195.2

-

195.1

6’’

-

176.1

[7.98; bs]

176.0

As per Figure 5.7, right hand side.

4"

2

O

O

3
5

4

OH

5''

O
2"
1''

O

6''

OH

Figure 5.7: Structure of the 5-methylene-4-hydroxy-2H-furan-3-one fragment and
proton and carbon assignments in the molecule per se (left hand side) and when attached
to (+)-catechin (right hand side, used for NMR assignments, Table 5.4)
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Two-dimensional NMR evidence supported this structure for the substitution fragment.
In particular, the two methylenes, in positions 1” and 4”, both showed 3JCH couplings to
the enol carbon at 176.0 ppm (C6”), but no couplings to each other. The methylene
bonded to an oxygen (C4”,

C

72.2) was also coupled to the ketone (C5”,

C

195.1) in

the Heteronuclear MultiBond Correlation (HMBC) spectrum, while the aliphatic
methylene (C1”,

C

21.3) was coupled to the enol at

C

133.7 (C2”), within the

substituting unit, indicating that this was the attachment point of the C5H5O3 fragment
to the (+)-catechin molecule. In fact, in the 1H NMR spectrum (Table 5.3) of both
compounds 1 and 2, all the (+)-catechin signals could be identified except one singlet in
each isomer for one of the A ring protons, at C6 or C8, suggesting that the C5H5O3
fragment was linked to (+)-catechin at either position. This type of substitution is well
known for flavan-3-ols and has been reported numerous times for acetaldehyde-,
glyoxylic acid- and furfural-substituted (+)-catechin monomers or dimers (Timberlake
& Bridle, 1976; Fulcrand et al., 1997; Es-Safi et al., 2000a).

For compound 2, the Heteronuclear Single Quantum Coherence (HSQC) spectrum
showed three methylenes, one was clearly that of the (+)-catechin C ring ((H4)2
2.54/2.38 ppm) as it showed long-range JCH couplings to C5 (
C4a (

C

98.8), C3 (

C

66.3) and C2 (

C

C

154.5), C8a (

C

153.3),

80.7) in the HMBC spectrum. C5 was

differentiated from C8a on the basis of the formers’ 2JCH coupling to an exchangeable
proton at 9.07 ppm. This exchangeable proton (9.07 ppm) was also coupled to C4a and
C6 (3JCH) indicating that the attachment point of the -OH was C5. The other
exchangeable proton on ring A (C7-OH) was characteristically coupled to C8 (Figure
5.8). H6 was coupled to C4a and C8, with the latter also coupled to (H1”)2 (Figure 5.8).
(H1”)2 was also coupled to C8a and C7 in the HMBC spectrum unequivocally
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indicating that the furanone was attached at C8 (Figure 5.9). As expected H6 showed
equally intense Rotating frame Overhauser Effect (ROE) correlation to C5-OH and C7OH, the latter also showing a correlation to (H1”)2. All other spectral data were
consistent with structure 2 (Figure 5.9) for the later eluting isomer.

Figure 5.8: Heteronuclear multibond correlation (HMBC) spectrum of compound 2
showing correlations between C5-OH and C4a and C7-OH and C8 (Panel A); H6 with
both C8 and C4a (Panel B); (H1”)2 and C8 (Panel C); and (H4)2 and C4a (Panel D).

Compound 1 was identified as the C6-attached isomer of compound 2 (Figure 5.9) and
such attachment isomers are common for aldehydes/flavan-3-ols reactions (Timberlake
& Bridle, 1976; Fulcrand et al., 1997; Es-Safi et al., 2000a). In this case the point of
attachment was confirmed by the fact that in compound 2, both (H4)2 and (H1”)2 were
coupled to C8a while in compound 1 both were coupled to C5 (

C

154.2) in the HMBC

spectrum. As in compound 2, (H4)2 was also coupled to C8a and (H1”)2 was coupled to
C7. Finally, the attachment point at C6 was confirmed by HMBC correlations between
H8 (5.87 ppm) to C6 (101.5 ppm) and C4a (99.9 ppm) as expected but also C7 (154.8
ppm) and C8a (153.5 ppm).
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6
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Figure 5.9: Structures of compound 1 (left hand side) and 2 (right hand side).

Compounds 1 and 2 (Figure 5.9) are the first reported products to form between a
carbon-based degradation product of ascorbic acid and (+)-catechin. Their formation
supports the accelerated degradation of (+)-catechin described in the previous chapter
(Chapter IV, Section IV.III.2) and above (Section V.II.1 of this Chapter) and which had
been reported (Clark et al., 2008) in model wine solutions containing ascorbic acid. In
other words, as compounds 1 and 2 are generated from a degradation product of
ascorbic acid and (+)-catechin, the latter decays faster than via its usual oxidation
observed in the absence of ascorbic acid. The formation of compounds 1 and 2 also
confirms that the loss of (+)-catechin (Figure 5.2 and Table 5.2, Section V.II.1) is not a
consequence of its direct oxidation in the presence of ascorbic acid but rather from the
formation of an adduct with a degradation product of ascorbic acid. These results
highlight the multifaceted role that ascorbic acid may have in wine or other food
systems. While on the one hand, ascorbic acid undoubtedly acts as an antioxidant, on
the other hand, breakdown products of ascorbic acid are capable of further reactions. In
wines, those reactions may be with flavan-3-ols (e.g. (+)-catechin), which are the
compounds most correlated to the browning of white wine (Rossi & Singleton, 1966;
Simpson, 1982; Cheynier, Rigaud, Souquet, Barillere & Moutounet, 1989).
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Compounds 1 and 2 are stable substituted (+)-catechin monomers provided some
ascorbic acid remains in the model wine system (Figure 5.2, section V.II.2). Other
examples of stable (+)-catechin-adduct monomers are formaldehyde-substituted (+)catechins generated as minor products in the reaction between glyoxylic acid and (+)catechin (Es-Safi et al., 2002), and certain oak-derived aldehydes that also form
pyrylium-chromophores on addition to a single (+)-catechin unit (de Freitas, Sousa,
Silva, Santos-Buelga & Mateus, 2004). This is in contrast to many other (+)-catechin
addition products, involving glyoxylic acid or furfural (Es-Safi, Le Guernevé, Fulcrand,
Cheynier & Moutounet, 1999a; Es-Safi et al., 2000a; Nonier, Pianet, Laguerre, Vivas &
Vivas de Gaulejac, 2006a), that readily undergo further addition and form bridged-(+)catechin dimers. The reliance on ascorbic acid for the stability of compounds 1 and 2
suggests that an oxidation step is required for their conversion to some other species and
is detailed in the following Section.

V.III. ORIGIN AND FATE OF THE COLOURLESS INTERMEDIATES

Both colourless isomers were characterised as containing one (+)-catechin unit and a
C5H5O3 substituting fragment, emanating from an ascorbic acid degradation compound.
Therefore, further investigations were undertaken to identify the potential ascorbic acid
degradation product giving rise to the substituting unit. Chemical synthesis was utilised
to confirm its implication in the formation of the isomers and to establish a full reaction
mechanism for the formation of the colourless isomers from ascorbic acid and (+)catechin. The decay of the isomers was then examined with regards to the pigment
production, to determine whether these colourless compounds could be key
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intermediates in the formation of the glyoxylic acid-derived xanthylium cations, the
main pigments observed when (+)-catechin is allowed to react in the presence of
ascorbic acid (Chapter IV).

V.III.1.L-xylosone: a degradation product of ascorbic acid

Of the many degradation products of ascorbic acid that are reported in the literature
(Section I.V.3-4, Chapter I), L-xylosone (Figure 5.10) (Whiting & Coggins, 1960;
Kurata & Sakurai, 1967; Kurata & Fujimaki, 1976; Shin & Feather, 1990) appeared to
be a reasonable candidate as a precursor to compounds 1 and 2 (Figure 5.9), due to its
structure (Shono et al., 1983). Indeed, a retro-synthetic pathway was established (Figure
5.10) and suggested that L-xylosone could lead to the formation of compounds 1 and 2.
From the examination of published ascorbic acid degradation products, no other
compound was found to allow such a logical mechanistic pathway for the formation of
compounds 1 and 2.

L-xylosone, an aldehyde, is formed from the hydrolysis and subsequent decarboxylation
of dehydroascorbic acid (Whiting & Coggins, 1960; Kurata & Sakurai, 1967; Kurata &
Fujimaki, 1976; Shin & Feather, 1990), but rapidly degrades to other aldehydes and
ketones (Yuan & Chen, 1998; Shinoda, Murata, Homma & Komura, 2004). Its lack of
an appropriate chromophore to allow detection above 250 nm, its relatively polar
character and expected elution near the injection front under the chromatographic
conditions used here imply that its detection by the system utilised in this experiment
was not possible.
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Figure 5.10: Proposed mechanism for the formation of compounds 1 and 2 from, Lxylosone, a degradation product of ascorbic acid.

Consequently, L-xylosone was synthesised as per the method described by Salomon et
al. (1952), and reacted with (+)-catechin in the model wine system consisting of a
tartaric acid-buffered 12% (v/v) aqueous ethanol solution. Colourless compounds were
subsequently generated that had identical retention times (i.e., peak 1: 2.57 minutes,
peak 2: 2.77 minutes under UPLC conditions), UV-visible spectra (i.e.,

max

= 284 nm)

and HPLC-ESI-MS data (i.e., m/z = 401 and 403 in negative and positive ionisation
modes, respectively) as compounds 1 and 2 (as described in Section V.II.2). This
confirmed that L-xylosone was the precursor to compounds 1 and 2 in model wine
solutions of (+)-catechin and ascorbic acid.
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V.III.2. Correlation with pigment production

Given that past work showed a link between the degradation of compounds 1 and 2 with
the accelerated colouration in wine-like solutions (Clark et al., 2008), experiments were
conducted to confirm the ability of compounds 1 and 2 to form coloured compounds. In
fact, when left at room temperature after NMR analyses, it was observed that each
solution of the isolated isomers developed deep golden-brown colouration.

Therefore, the isolated compounds 1 (0.02 mM) and 2 (0.1 mM) were separately
prepared in triplicate in a model wine solution containing formic acid as the buffer, to
ensure that there would not be any contribution from tartaric acid itself to pigment
formation (Chapter IV), at (+)-catechin concentrations of 0 and 0.25 mM, and in the
absence of ascorbic acid. The solutions initially afforded 440 nm absorbances (a
measure of yellow colour) of less than 0.012 absorbance unit (Table 5.5). However,
after incubation at 45 C in darkness, all samples increased in 440 nm absorbance to
reach significantly (p = 0.05) higher values than the (+)-catechin-alone control (Table
5.5). It was therefore evident that both compounds 1 and 2 were precursors to coloured
compounds and that the presence of 0.25 mM (+)-catechin enhanced the formation of
coloured species by compounds 1 and 2.

Analysis by UPLC-DAD at day 14 revealed that all samples with added compound 1 or
2, regardless of (+)-catechin addition, had three major peaks (3-5, Figure 5.11A) in the
440 nm chromatograms. The UV-Visible spectra extracted from the UPLC-DAD
demonstrated that these major peaks (3-5, Figure 5.11A) showed identical absorbance
maxima at 280 and 440 nm with a shoulder at 310 nm. HPLC-ESI-MS data associated
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with these peaks all showed signals at m/z = 617 in the positive ionisation mode and a
major fragmentation ion at m/z = 465.

Table 5.5: Absorbance at 440 nm of samples during storage at 45 C in darkness. (+)Catechin: 0.25 mM; compound 1: 0.02 mM; compound 2: 0.1 mM; formic acidbuffered 12% (v/v) aqueous ethanol solution. Uncertainties expressed as the 95%
(p = 0.05) confidence limits (n = 3).
Samples

Day 0

Day 14

(+)-Catechin

0.001

0.002

0.031

Compound 1

0.005

0.003

0.09

(+)-Catechin + Compound 1

0.010

0.004

0.154

Compound 2

0.009

0.001

0.13

0.02

(+)-Catechin + Compound 2

0.011

0.001

0.29

0.01

0.002
0.02
0.006

A

B

Figure 5.11: UPLC-DAD chromatograms at 440 nm of a solution of A: (+)-catechin
and compound 1, and B: authentic glyoxylic acid-derived xanthylium cations after 14
days at 45 C. The solutions consisted of a formic acid-buffered 12% (v/v) aqueous
ethanol model wine system.
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Such MS and UV-visible data were consistent with the xanthylium cation pigments
derived from (+)-catechin and glyoxylic acid (Figure 5.12). The reaction of glyoxylic
acid with (+)-catechin (Section I.I.2.2, Chapter I) can generate six isomeric forms of the
yellow xanthylium cations (Es-Safi et al., 2000d), albeit to different extent of formation,
one of which is shown in Figure 5.12 (C8-C8 linkage). These yellow pigments have
UV-visible maxima at 280 and 440 nm with a shoulder at 310 nm (Es-Safi et al.,
1999b), and a molecular mass of 617 amu (Es-Safi et al., 1999b) as well as the
characteristic retro-Diels-Alder degradation of the dihydropyran-moiety to form the 465
m/z fragment (positive ionisation mode) (Es-Safi et al., 2002).

×2

Figure 5.12: Formation of glyoxylic acid-derived xanthylium cations (C8-C8 linkage
shown) from (+)-catechin and ascorbic acid in a tartaric acid-buffered model wine
system. The same reaction pathways applies to compound 1, but was left out of the
Figure for clarity.
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In order to confirm that compounds 1 and 2 indeed formed glyoxylic acid-derived
xanthylium cations, the HPLC, UV-visible and MS characteristics of the purported
xanthylium cations were compared with those of genuine glyoxylic acid-derived
xanthylium cations synthesised from (+)-catechin and glyoxylic acid as per Clark et al.
(Clark et al., 2003). The solution was analysed by UPLC-DAD and the peaks (7-9,
Figure 5.11B) corresponding to the glyoxylic acid-derived xanthylium cations were at
identical retention times to the major pigments observed in all the samples containing
compound 1 or 2 (peaks 3-5, Figure 5.11A). The identity of peaks 3-5 was confirmed by
their UV-visible spectra and HPLC-ESI-MS spectra similar to those of the authentic
glyoxylic acid-derived xanthylium cations (as described in Chapter IV, Section IV.II.3).
The remaining major peak in this chromatogram (peak 10, Figure 5.11B) corresponded
to the ethyl ester of the glyoxylic acid-derived xanthylium cation (Es-Safi et al., 2000c)
and was also observed in the chromatogram from (+)-catechin and compound 1 (peak 6,
Figure 5.11A).

The further degradation of the isomers, already containing one (+)-catechin unit and
therefore accounting for the enhanced decay of (+)-catechin in the presence of ascorbic
acid (Figure 5.2), implies that one more (+)-catechin unit is needed to form the
glyoxylic acid-derived xanthylium cations. This supports the increased (+)-catechin
decay observed in Figure 5.2 once the isomers start degrading, concomitant with the
depletion of ascorbic acid.

Intriguingly, the glyoxylic acid-derived xanthylium cations were generated irrespective
of whether (+)-catechin was added to compounds 1 and 2 or not (Table 5.5). However,
more pigments were generated if (+)-catechin was present (Table 5.5). This suggests
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that when compounds 1 and 2 are in solution without (+)-catechin and ascorbic acid
being present, they are able to undergo cleavage (i.e., acid catalysed) and therefore reform (+)-catechin units. Consequently, the newly formed (+)-catechin units would then
be able to react with the remaining isomers and subsequently form the glyoxylic acidderived xanthylium cations.

The actual mechanism for the conversion of compounds 1 and 2 to coloured xanthylium
cations is not certain at this stage. However, the results do establish a mechanistic link
between (+)-catechin, a degradation product of ascorbic acid, now identified as
L-xylosone, and the production of glyoxylic acid-derived xanthylium cations (Figure
5.12). The xanthylium cations were previously proposed in Chapter IV of this thesis as
a possible explanation for the ascorbic acid influence in enhancing pigment production,
the latter originating from Bradshaw et al. (Bradshaw, Cheynier, Scollary & Prenzler,
2003). The results also add xylosone to the list of aldehyde compounds, i.e., glyoxylic
acid (Es-Safi et al., 1999b) and glyoxal (Es-Safi, Cheynier & Moutounet, 2003), that
can react with (+)-catechin to generate the glyoxylic acid-derived xanthylium cation
pigments as that shown in Figure 5.12.

Such a mechanism is therefore relevant to all beverages that contain flavan-3-ols and
ascorbic acid, such as fruit juices. In addition, it could also be particularly significant to
wines with relatively high xylosone concentration, such as those produced from grapes
infected with Botrytis cinerea (Burroughs & Sparks, 1973).
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V.IV. CHAPTER SUMMARY

The results of this study show a unique outcome from the reactions of two
‘antioxidants’ in wine-like conditions, ascorbic acid and (+)-catechin. The process is far
more complex than the anticipated and simple transfer of two electrons and two protons,
and demonstrates that ascorbic acid is a highly unpredictable molecule capable of
inducing a variety of reaction processes. From a model white-wine system, two new
‘natural’ products derived from (+)-catechin and ascorbic acid were isolated. Based on
spectral data, primarily NMR spectroscopy, the two compounds were unequivocally
identified as isomers of (+)-catechin substituted at either C6 or C8 of the A ring with a
furan-type unit, vis. (+)-1”-methylene-6”-hydroxy-2H-furan-5”-one-6-catechin and (+)1”-methylene-6”-hydroxy-2H-furan-5”-one-8-catechin. A retro-synthetic study showed
that the compounds could be formed from (+)-catechin and L-xylosone, a known
degradation product of ascorbic acid. Both isomers were independently synthesised
from L-xylosone to establish this compound as a key precursor to compounds 1 and 2
and their accumulation was found to depend on the presence of ascorbic acid. The
isomers eventually further react to yield the yellow-coloured xanthylium cation
pigments, and this implies that undesirable spoilage reactions, referred to as ‘browning’,
can occur from a breakdown product of ascorbic acid, L-xylosone.
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CHAPTER VI
FURTHER INVESTIGATIONS OF
ASCORBIC ACID DEGRADATION PRODUCTS IN MODEL WINE

VI.I. INTRODUCTION

The degradation of ascorbic acid can proceed via two distinct pathways, namely
oxidative and non-oxidative, often referred to as ‘aerobic’ and ‘anaerobic’ respectively
(Section I.V, Chapter I). The former is commonly regarded as the major degradation
pathway under wine conditions, being the mechanism by which ascorbic acid delivers
its antioxidant action (Zoecklein, Fugelsang, Gump & Nury, 1995; Ribéreau-Gayon,
Glories, Maujean & Dubourdieu, 2000), whether it occurs by scavenging the oxygen
present in solution (Kilmartin, Zou & Waterhouse, 2001; Danilewicz, 2003) or reducing
oxidised species, such as ortho-quinones (Mathew & Parpia, 1971; Boulton, Singleton,
Bisson & Kunkee, 1996; Danilewicz, 2003), although some evidence has been provided
that this mode of action is minimal (Makhotkina & Kilmartin, 2009).

Under oxidative conditions, ascorbic acid leads to the formation of dehydroascorbic
acid and hydrogen peroxide (Figure 6.1). Both compounds are the starting point of
several degradation pathways as hydrogen peroxide is an oxidising agent and
dehydroascorbic acid is an unstable compound which, in aqueous solution, can undergo
hydrolysis to 2,3-diketo-L-gulonic acid (Figure 6.1) (Sawamura, Takemoto & Li, 1991;
Deutsch, 1998b). The latter can lead to a broad range of compounds via numerous
mechanisms (Section I.V.1.3, Chapter I), one of which is L-xylosone (Whiting &
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Coggins, 1960; Kurata & Sakurai, 1967a; Kurata & Fujimaki, 1976b; Shin & Feather,
1990) that was identified in the previous chapter as a pigment precursor emanating from
the degradation of ascorbic acid under wine conditions (Chapter V).

However, L-xylosone itself is an unstable compound (Whiting & Coggins, 1960; Kurata
& Fujimaki, 1976b; Niemelä, 1987; Lea, Ford & Fowler, 2000) and has been reported
as an intermediate in the formation of a variety of compounds. Among these, 3hydroxy-2-pyrone and 2-furoic acid seem to be the major degradation products being
formed under conditions close to wine, i.e., aqueous medium at a pH around 3.00
(Kurata & Sakurai, 1967a; Tatum, Shaw & Berry, 1969; Kurata & Fujimaki, 1976a;
Velíšek, Davídek, Kubelka, Zelinková & Pokorný, 1976; Shin & Feather, 1990;
Kimoto, Tanaka, Ohmoto & Choami, 1993; Sawamura, Takemoto, Matsuzaki, Ukeda &
Kusunose, 1994; Yuan & Chen, 1998a; Shinoda, Murata, Homma & Komura, 2004).
Both compounds emanate from L-xylosone via a mechanism involving keto-enol
tautomerism and dehydration (Figure 6.1), but differ in subsequent cyclisation steps.

Figure 6.1: Oxidative degradation pathway leading to the formation of 3-hydoxy-2pyrone and 2-furoic acid. This figure was initially shown as Figure 1.12 in Chapter I,
Section I.V.1, but is reproduced here for clarity.
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Another pathway for ascorbic acid to degrade is via a non-oxidative mechanism, for
which the most common final degradation product is furfural (Figure 6.2) (Kurata &
Sakurai, 1967b; Tatum et al., 1969; Bauernfeind & Pinkert, 1970; Velíšek et al., 1976;
Vernin, Chakib, Rogacheva, Obretenov & Parkanyi, 1998; Yuan & Chen, 1998a;
Shinoda et al., 2004). The non-oxidative pathway does not involve dehydroascorbic
acid or hydrogen peroxide and can even proceed in the presence of oxygen (Kurata &
Sakurai, 1967b; Robertson & Samaniego, 1986; Rodriguez, Sadler, Sims & Braddock,
1991; Solomon, Svanberg & Sahlstrom, 1995). Although minor under ideal wine
storage conditions (i.e., less than 20 C and pH around 3.00), the process is known to be
accelerated at a pH less than 2.00 (Huelin, 1953; Finholt, Alsos & Higuchi, 1965;
Kurata & Sakurai, 1967b; Bauernfeind & Pinkert, 1970; Velíšek et al., 1976; Yuan &
Chen, 1998a) and at higher temperatures (Velíšek et al., 1976; Rodriguez et al., 1991)
and could therefore become significant for wines that are aged for long periods (i.e., 5 to
10 years) and/or at higher temperatures.

Figure 6.2: Non-oxidative degradation pathway leading to the formation of furfural.
This figure was initially shown as Figure 1.14 in Chapter I, Section I.V.2, but is
reproduced here for clarity.
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Therefore, depending on the temperature and oxygen levels, the two ascorbic acid
degradation pathways potentially compete, leading to the formation of pigment
precursors (Chapter V) and/or other aldehydes and acids (Figure 6.3). In addition,
dehydroascorbic acid was found to degrade into coloured compounds (Sawamura et al.,
1991; Sawamura et al., 1994), and react with amino acids to form red pigments (Kurata,
Fujimaki & Sakurai, 1973; Sawamura et al., 1991). 3-Hydroxy-2-pyrone has been
suggested as a marker for the browning of orange juice (Shinoda et al., 2004), and
furfural has been shown to contribute to pigment formation with polyphenols contained
in wine (Es-Safi, Cheynier & Moutounet, 2000; Nonier, Vivas, Vivas de Gaulejac,
Pianet & Fouquet, 2007). Furfural is also known to take part to the Maillard reaction
cycle with amino acids to form brown melanoid pigments (Hodge, 1953; Handwerk &
Coleman, 1988). Ascorbic acid and dehydroascorbic acid are also likely to be involved
in the Maillard reactions due to their reductone and dehydro-reductone structures,
respectively (Hodge, 1953) (Section I.V.3, Chapter I).

Figure 6.3: Schematic diagram of the possible ascorbic acid degradation pathways. AA:
ascorbic acid; DHA: dehydroascorbic acid; Cat: (+)-catechin.
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Although the ascorbic acid degradation products have been exhaustively investigated in
numerous aqueous environments and food matrices, there is only a limited number of
studies relevant to their formation from ascorbic acid in wine or model wine solutions,
as discussed within Section I.V, Chapter I.

VI.I.1. Chapter aims

The previous chapter identified the formation of L-xylosone as a precursor of the yellow
glyoxylic acid-derived xanthylium cations in the presence of (+)-catechin. There are
also several publications reporting how L-xylosone forms a wide range of degradation
products which could also play a role in pigment formation. In reality, depending on the
amount of oxygen available in solution, the range of ascorbic acid degradation products
varies greatly and can include some compounds already identified in the literature as
pigment precursors, when in the presence of polyphenol compounds. Therefore, the
extent of oxidative to non-oxidative degradation of ascorbic acid needs to be
investigated under wine conditions. In this chapter, high performance liquid
chromatography coupled to nuclear magnetic resonance (HPLC-NMR) and ion
exclusion high performance liquid chromatography coupled to diode array detection
(HPLC-DAD) were employed to identify the ascorbic acid degradation products in
model wine systems. In particular, emphasis was placed on identifying the main
terminal products as this would give insights into the degradation mechanisms relevant
to wine conditions. The rates of formation of the degradation products were monitored
under aerobic and anaerobic conditions.
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VI.II. IDENTIFICATION OF THE MAIN TERMINAL ASCORBIC ACID
DEGRADATION PRODUCTS

The identification of ascorbic acid degradation products is one of the major objectives
of this thesis. However, the reversed-phase HPLC-DAD method employed in the earlier
chapters of this thesis did not provide enough information for identification, while the
use of an in-line method for collection of the products and subsequent off-line analysis,
by HPLC-MS (i.e., mass spectrometry) for example, was hindered by the poor stability
and low concentration of the ascorbic acid degradation products. In an attempt to
overcome the issues encountered so far, two different techniques, HPLC-NMR and an
ion exclusion HPLC-DAD method were applied to the identification of the ascorbic
acid degradation products.

VI.II.1. Identification of ascorbic acid degradation products by HPLC-NMR

HPLC-NMR is an in-line technique combining the separation of components from a
mixture by HPLC and their unequivocal identification by both DAD and NMR. Its
major advantage for the identification of ascorbic acid degradation products is the
removal of the preliminary isolation step, in which the ascorbic acid degradation
products potentially degrade.
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VI.II.1.1. Introduction to HPLC-NMR and on-flow/stop-flow analysis

Although first developed in the late 1970s (Watanabe & Niki, 1978; Bayer, Albert,
Nieder, Grom & Keller, 1979; Haw, Glass, Hausler, Motell & Dorn, 1980), HPLCNMR was initially more of an academic curiosity due to limitations in high field
instruments and the high cost of deuterated solvents. It was only fifteen to twenty years
later, with higher field NMR spectrometers and new solvent suppression techniques
being introduced (Ogg, Kingsley & Taylor, 1994; Smallcombe, Patt & Keifer, 1995),
that HPLC-NMR began to find wider use in natural product analysis (Wolfender,
Ndjoko & Hostettmann, 1998, 2003; Exarchou et al., 2005; Urban & Separovic, 2005).
HPLC-NMR now provides a mean for rapid profiling of individual components in crude
or partially purified extracts, thereby demonstrating the full power of the hyphenated
technique in eliminating the need to isolate individual components from a crude extract
for subsequent NMR experiments.

HPLC-NMR has some limitations, one of which is observing analyte resonances in the
presence of a mobile phase. This problem is more complicated in the case of typical
reversed-phase HPLC operating conditions, where commonly more than one protonated
solvent is used and where the resonance frequencies change continuously during a
gradient elution analysis (Smallcombe et al., 1995). In addition, signals of the analytes
of interest, if residing under the solvent peak, will be suppressed together with the
solvent signal. However, this can be overcome by running the solvent suppression in
two independent solvent systems (Ndjoko, Wolfender, Röder & Hostettmann, 1999).
Another drawback of the hyphenated technique is that chemical shifts recorded in a
reversed-phase solvent will slightly differ from those reported in standard deuterated
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NMR solvents which makes comparison to published values difficult (Cavin, Potterat,
Wolfender, Hostettmann & Dyatmyko, 1998).

On-flow HPLC-NMR (Figure 6.4) analysis utilises a previously developed HPLC
method. A sample is injected, components are separated on a HPLC column, pass
through the photo-diode array detector (DAD) and enter the NMR flow cell (60 L).
Throughout the separation of a mixture, the NMR is constantly acquiring solventsuppressed 1H NMR data, i.e., WET (water suppression enhanced through T1 effect)-1D
NMR (Smallcombe et al., 1995). On-flow experiments require a large amount of sample
for HPLC-NMR analysis because the resident time in the NMR flow cell is very short
during the chromatographic run. The on-flow approach is therefore mainly restricted to
the direct measurement of major components of a sample, often where the HPLC
injection has been overloaded, and with acquisition of 1D NMR spectra only (Silva
Elipe, 2003; Wolfender et al., 2003).

A way to overcome this sensitivity problem is to use stop-flow HPLC-NMR analysis
(Figure 6.4) which permits longer acquisition times than in the on-flow HPLC-NMR
operating mode. The analyte of interest passing through the detector (DAD) is used to
trigger a valve which stops the HPLC-flow exactly when the peak reaches the NMR
flow cell. It is possible that if the concentration of the metabolite is high enough, i.e.,
more than 100 g, selected 2D experiments can also be obtained (Smallcombe et al.,
1995).
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Figure 6.4: Schematic representation of the HPLC-NMR system in on-flow (continuous
monitoring) and stop-flow (peak of interest trapped in NMR flow cell) operating modes.
Provided by Dr. Daniel Dias.

In spite of some practical problems mentioned above, HPLC-NMR is fast, reliable and
powerful solvent suppression techniques such as WET make this an impressive
technique providing invaluable in-line information for complex mixtures without the
general use of conventional off-line techniques.

Although early applications focussed on plant-derived compounds, there are increasing
publications towards food-derived products and matrices, including carotenoids in fruit
juices and palm oil (Tode, Maoka & Sugiura, 2009), carbohydrates in beer (Duarte,
Godejohann, Braumann, Spraul & Gil, 2003) and the aromatic composition of beer,
grape juice and wine (Gil et al., 2003). Therefore, HPLC-NMR appears to be a suitable
tool to investigate the degradation products of ascorbic acid in the model wine systems
employed in this thesis.
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VI.II.1.2. Application of stop-flow HPLC-NMR to ascorbic acid
degradation products

As detailed in Chapter III, the reversed-phase HPLC-DAD method initially employed
to monitor the kinetics of ascorbic acid degradation provided chromatograms as shown
in Figure 6.5. Based on peak intensity alone, peaks 1 and 3 (Figure 6.5) were considered
to be most suitable candidates for identification by HPLC-NMR.
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Figure 6.51: HPLC-DAD chromatograms at 280 nm of an ascorbic acid (AA) solution
after 4 days of degradation. [AA] = 0.5 g/L, tartaric acid-buffered 12% (v/v) aqueous
ethanol model wine system, 45 °C.

To optimise the amount of the compounds represented by peaks 1 and 3 (Figure 6.5)
present in the degradation solution, a 5 g/L solution of ascorbic acid in a tartaric acidbuffered 12% (v/v) aqueous ethanol model wine system was degraded under the
accelerated ageing conditions used in this thesis (45 °C in darkness). As a different
column was used in the HPLC-NMR (i.e., Varian Polaris C18, 150 mm x 4.6 mm, 5µm)
to that used in the routine HPLC-DAD method (i.e., Phenomenex Synergy Hydro-RP
C18 polar end-capped, 250 × 10 mm, 4 m) for the chromatogram shown in Figure 6.5,
1

Figure 6.5 was initially presented as Figure 3.2 in Chapter III, section III.II and is reproduced here to
assist the description of the analytical approach being taken.
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the first step was to compare the chromatograms on the two different chromatographic
systems and tentatively assign peaks on the basis of UV-visible absorbance spectra.

After 6 days of degradation, the ascorbic acid degradation solution was injected and
analysed by HPLC-NMR. On-flow HPLC-NMR was initially performed using an
isocratic method consisting of 10% (v/v) acetonitrile in D2O. However, the WET-1D
NMR spectra did not show any signals for the ascorbic acid degradation products,
suggesting that the compounds did not reside in the flow cell long enough under onflow conditions for the NMR spectrometer to acquire sufficient NMR spectra. As a
result, HPLC-NMR under stop-flow conditions was carried out.

The first peak investigated by stop-flow HPLC-NMR was that detected at 5.33 minutes
and equivalent to peak 3 (Figure 6.5) based on elution order and its distinct UV-visible
spectrum. Figure 6.6A (from top to bottom) shows the DAD contour plot, the HPLCDAD chromatogram extracted at 300 nm and the UV-visible spectrum for the
compound detected at 5.33 minutes. The extracted WET-1D NMR for the ‘trapped’
compound in the NMR flow cell after 5 hours (data acquisition) is shown below (zoomin, Figure 6.6B).

The preliminary stop-flow WET-1D (1H NMR) spectrum of peak 3 is shown in Figure
6.7. The resonance at δ 8.14 ppm (s) was assigned to residual formic acid present in the
system while the resonances at δ 3.51 ppm (q, J = 7.3 Hz) and δ 1.05 ppm (t, J = 7.3
Hz) were assigned to residual ethanol, CH3CH2OH and CH3CH2OH respectively.
Suppression of the CH3CN solvent peak generated the resonance around δ 2.0 ppm. The
three low intensity 1H NMR signals observed between δ 6.0 and 7.5 ppm (marked
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‘region of interest’ in Figure 6.7) were assigned as the resonances due to the ascorbic
acid degradation product identified as peak 3 in Figure 6.5.

A

DAD-contour plot

B WET-1D NMR

C

“Trapped”
product in
flow cell

Absorbance
maximum of
product at
~5.3 min

Figure 6.6: A: DAD-contour plot, HPLC chromatogram extracted at 300 nm and UVvisible absorbance spectrum of the peak at 5.33 min (peak 3, Figure 6.5); B: WET-1D
NMR spectrum of the peak at 5.33 min (stop-flow HPLC-NMR, 5 hour acquisition). C:
Online HPLC chromatogram illustrating trapped product in flow cell at 5.33 min of a 5
g/L ascorbic acid degradation solution after 6 days of degradation (45 °C, darkness).

Region of interest

Figure 6.7: WET-1D spectrum of peak 3 (stop-flow HPLC-NMR, 5 hour acquisition).
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Given the decent WET-1D HPLC-NMR data and signal to noise ratio obtained for the
‘trapped’ product after 5 hours of acquisition, another stop-flow experiment was carried
out in an effort to obtain a better signal to noise ratio and ultimately increase the
resolution for first and second order splitting to determine the coupling constants. The
degraded (6 days) ascorbic acid solution was analysed by stop-flow HPLC-NMR and
the compound of interest was once again trapped in the flow cell for a longer period of
time (20 hours). This led to a refinement of the 1H NMR chemical shifts compared to
those obtained in the preliminary experiment (5 hour acquisition) and enhanced
sharpness of the resonances of interest (Figure 6.8). Deviations in the chemical shifts of
the ‘trapped’ product as acquired after 5 and 20 hours were observed between the two
analyses. This is due to a dispersion effect and slight collapse in the chromatography
over long acquisition times as the entire HPLC-NMR system requires constant pressure
to maintain the compound of interest in the NMR flow cell, but the stop flow valves
were not robust enough to maintain constant pressure over such a long acquisition time.

a)

b)

c)

Figure 6.8: Expanded WET-1D spectra of peak 3 for resonances around (a) δ 7.23 ppm,
(b) δ 6.74 ppm and (c) δ 6.28 ppm (stop-flow HPLC-NMR, 20 hour acquisition).
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Closer inspection of the 1H NMR spectrum identified the presence of three ‘aromatic’
methines at

7.23 ppm (dd, J = 2.0, 6.5 Hz),

6.74 ppm (dd, J = 2.0, 6.5 Hz) and

6.28 ppm (dd, J = 6.5, 6.5 Hz) as shown by the expanded (a), (b) and (c) spectra,
respectively (Figure 6.8). Analysis of the ‘aromatic’ methine at

6.28 ppm (dd, J = 6.5,

6.5 Hz) suggested an ortho-ortho relationship (J = 6.5 Hz) with neighbouring protons
(Figure 6.9). Furthermore, the methine at δ 7.23 ppm showed ortho-coupling to the
proton at

6.28 ppm and meta-coupling (J = 2.0 Hz) to the proton at

6.74 ppm and

this was reciprocated with the observed coupling constants for the methine at
ppm (Figure 6.9). Close analysis of the methine at

6.74

7.23 ppm suggested this proton to

be deshielded and adjacent to or in the vicinity of an electronegative functionality,
designated X in Figure 6.9. This was also observed for the slightly less deshielded
methine at 6.74 ppm. It is important to mention that from a WET-1D (1H NMR), a
significant amount of structural information can be determined. Nevertheless, NMR did
not provide sufficient information with respect to carbon chemical shifts, direct- and
long-range coupling (2D NMR, e.g. Heteronuclear Single Quantum Coherence (HSQC)
and Heteronuclear MultiBond Correlation (HMBC) experiments) and at this stage
established the structural fragment proposed in Figure 6.9.

ortho
(c)
6.28 ppm, dd, J = 6.5, 6.5 Hz
H
ortho

H

(b)
6.74 ppm, dd, J = 2.0, 6.5 Hz

(a)
H
7.23 ppm, dd, J = 2.0, 6.5 Hz

X

meta

Figure 6.9: Configuration of the ‘aromatic’ methine protons in the ascorbic acid
degradation product represented by peak 3.
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It was anticipated that a WET-COSY (COrrelation SpectroscopY) spectrum, which
shows correlations between neighbouring protons, would be acquired to confirm the
coupling constants reflected by the ‘aromatic’ methine groups. Therefore a WET-COSY
was acquired for 20 hours on the degraded ascorbic acid solution using the stop-flow
operating mode. Unfortunately, the WET-COSY spectrum did not exhibit any
significant correlations for these resonances and it was determined that there was
insufficient material to enable such an analysis.

Following the completion of the 20 hour acquisition, peak 3, which was trapped in the
NMR flow cell, was subjected to a post-WET-1D analysis to monitor the stability of
this compound over a long period. The post-WET-1D spectrum confirmed that the
resonances due to the compound of interest were still present, indicating that no
significant degradation had taken place while being isolated from the reaction system
for stop-flow HPLC-NMR purposes. Not only does this highlight the importance of
HPLC-NMR as a hyphenated tool for monitoring unstable compounds susceptible to
light and oxidative degradation but it also implies that the compound of interest is most
likely to be one of the terminal degradation products of ascorbic acid.

Published studies (Kurata & Sakurai, 1967a; Tatum et al., 1969; Kurata & Fujimaki,
1976a; Velíšek et al., 1976; Shin & Feather, 1990; Kimoto et al., 1993; Sawamura et al.,
1994; Yuan & Chen, 1998a; Shinoda et al., 2004) on the aerobic degradation of ascorbic
acid in acidic media indicate that the two most common ‘terminal’ compounds are 2furoic acid and 3-hydroxy-2-pyrone (Figure 6.1). Both compounds have the (-CH-)3
arrangement shown in Figure 6.9, and are heterocyclic, with 2-furoic acid being a fivemembered ring while 3-hydroxy-2-pyrone is a six-membered ring. Yet, they have very
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different UV-visible spectra (Figure 6.10): the UV-visible spectrum of 2-furoic acid
exhibits one absorbance maximum at 252 nm while that of 3-hydroxy-2-pyrone displays
two absorbance maxima at 295 and 229 nm. The latter spectrum is similar to that of
peak 3 (Figure 6.6A) in terms of wavelength maxima as well as their respective
intensities, therefore indicating that the compound represented by peak 3 is most likely
3-hydroxy-2-pyrone.

2-Furoic acid

3-Hydroxy2-pyrone

Figure 6.10: UV-visible spectra of 2-furoic acid and 3-hydroxy-2-pyrone. Adapted
from Yuan and Chen (1998a).

Further confirmation was gained from the comparison (Table 6.1) of the 1H-NMR data
(stop-flow) obtained for peak 3 in this chapter with those reported in the literature for 3hydroxy-2-pyrone (Shinoda et al., 2004) (Figure 6.11). Although the chemical shifts
from the literature (Shinoda et al., 2004) are lower than those obtained for peak 3 in this
chapter (Table 6.1), there is a consistent 0.33-0.34 ppm difference for each of the three
protons. As mentioned above, HPLC-NMR chemical shifts recorded in a reversed-phase
solvent (10% (v/v) acetonitrile in D2O in this chapter) can differ slightly from those
reported in standard deuterated NMR solvents (D2O in Shinoda et al., 2004). In

226

Chapter VI – Further investigations of ascorbic acid degradation products in model wine

addition, the literature 1H NMR spectrum was recorded at a lower resonance frequency
of 270 MHz (Shinoda et al., 2004), which probably explains why the resonances were
reported as doublets (d) and triplets (t) (Shinoda et al., 2004) rather than doublets of
doublets (dd) as obtained with the higher resolution 500 MHz NMR instrument used in
this chapter. Nonetheless, the comparison allowed the definitive assignment of Ha and
Hb protons, with the most deshielded proton, Ha, being next to the lactone moiety,
while Hb, slightly deshielded, is adjacent to the hydroxyl group (Figure 6.11). It is also
important to mention that the hydroxyl group was not observable in the WET-1D
spectrum as it was most likely exchanged due to the presence of D2O in the HPLC
mobile phase (Wolfender et al., 2003).

Table 6.1: 1H NMR assignment comparison for peak 3 and 3-hydroxy-2-pyrone.

Position1

WET-1D NMR2
1H

1H

NMR3

(ppm); m; J (Hz)

a

7.23; dd; 5.0

6.89; d; 6.0

b

6.74; dd; 7.0

6.41; d; 6.0

c

6.28; dd; 2.5, 7.5

5.95; t; 6.0

As per Figure 6.11.
As per Figure 6.9 – 10% (v/v) acetonitrile in D2O.
3 As per Shinoda et al. (2004) – D2O.
1
2

Hb
Hc

Ha

OH

O

O

Figure 6.11: Assigned protons of 3-hydroxy-2-pyrone.
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The application of HPLC-NMR to the degradation of ascorbic acid in combination with
previous publications was a success for identifying 3-hydroxy-2-pyrone, the compound
represented by peak 3, which is the most intense and stable peak observable in the
chromatograms obtained under the conditions used in this thesis. Unfortunately, the
sensitivity for peaks 1 and 2 (Figure 6.5) was insufficient to generate meaningful NMR
spectra. Similarly, the peaks observed at the beginning of the chromatogram (Figure
6.5) were too low in concentration to even be detected by NMR.

VI.II.2. Identification of ascorbic acid degradation products by HPLC-DAD
using ion exclusion chromatography

Yuan and Chen (1998a, 1998b) have published HPLC-DAD methods for the
simultaneous detection of several structurally related heterocyclic compounds, including
furans, emanating from sugars and/or ascorbic acid degradation in fruit juice and drinks,
including red and white wines. Their chromatographic method used ion exclusion,
suited to the detection of polar compounds, which would elute at the beginning of the
chromatograms under the reversed-phase conditions previously used in this thesis
(Figure 6.5). Therefore such ion exclusion HPLC-DAD method could possibly help
identifying more ascorbic acid degradation products.

As used in the previous chapters of this thesis when trying to identify the ascorbic acid
degradation products under wine conditions, a solution of ascorbic acid (0.5 g/L) in a
tartaric acid-buffered 12% (v/v) aqueous ethanol model wine system was stored at
45 °C in darkness. After 4 days of degradation (optimum day for highest peak intensity
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of most peaks), the solution was injected into the HPLC-DAD system under the
chromatographic conditions published by Yuan and Chen (1998a, 1998b). The resulting
chromatograms extracted at 250 and 280 nm are shown in Figure 6.12.
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Figure 6.12: Ion exclusion HPLC-DAD chromatograms extracted at 250 nm (top) and
280 nm (middle) of an ascorbic acid (AA) solution after 4 days of degradation and UVvisible spectra (bottom) of 2-furoic acid (left hand side), 3-hydroxy-2-pyrone (middle)
and furfural (right hand side). [AA] = 0.5 g/L, tartaric acid-buffered 12% (v/v) aqueous
ethanol model wine system, 45 °C, darkness.
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Peaks on the ascorbic acid degradation chromatograms (Figure 6.12) were identified by
comparison of their retention times and absorbance spectra (bottom, Figure 6.12) with
those of authentic commercial compounds. Two compounds, observed by the ion
exclusion chromatographic method, were assigned as 2-furoic acid and furfural, but
their corresponding peaks were not sufficiently resolved for accurate detection and
quantification on the chromatograms using the reversed-phase column (Figure 6.5). 3Hydroxy-2-pyrone, previously identified by HPLC-NMR (Section VI.II.1.2 of this
Chapter), was also detected by the ion exclusion chromatographic method. However, no
other compounds could be identified, leaving peaks 1 and 2, and the early peaks
observable under reversed-phase conditions (Figure 6.5) unidentified at this stage.

VI.III. FORMATION PATHWAYS AND DEGRADATION OF THE MAIN
DEGRADATION PRODUCTS

VI.III.1. Experimental design

Due to the different ascorbic acid degradation pathways leading to the formation of the
three compounds identified in this chapter, i.e., 2-furoic acid and 3-hydroxy-2-pyrone
(Figure 6.1) and furfural (Figure 6.2), and the impact that the amount of oxygen has on
their production, both ‘aerobic’ and ‘anaerobic’ degradations of ascorbic acid were
performed. The degradation of dehydroascorbic acid was also carried out as a control as
dehydroascorbic acid is the ‘primary’ degradation product, along with hydrogen
peroxide, of the oxidative degradation of ascorbic acid but is not expected to be
generated under ‘anaerobic’ conditions (Yuan & Chen, 1998a).
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Solutions of ascorbic acid or dehydroascorbic acid were separately prepared in tartaric
acid-buffered 12% (v/v) aqueous ethanol model wine systems. In this experiment, the
concentration of ascorbic acid or dehydroascorbic acid was 0.2 g/L rather than the
0.5 g/L usually employed in this thesis due to the low solubility of dehydroascorbic acid
in aqueous medium. The aerobic samples were exposed to an oxygen-saturated
atmosphere by aerating the samples on a daily basis. In the ‘anaerobic’ samples, the
oxygen concentration was reduced by sparging with nitrogen. This process involved the
model wine system being sparged with nitrogen for 20 minutes and ascorbic acid or
dehydroascorbic acid added under a nitrogen flow. The ‘anaerobic’ equipment consisted
of Schlenk reaction vessels connected to nitrogen-filled balloons for a constant oxygenreduced atmosphere (Figure 6.13). All solutions were kept in the dark at 45 °C.

All samples were analysed daily over a 14-day period. The HPLC-DAD method
published by Yuan and Chen (1998a, 1998b) was used to monitor ascorbic acid
degradation as well as the formation of 3-hydroxy-2-pyrone, 2-furoic acid and furfural.

Figure 6.13: ‘Anaerobic’ degradation experimental set up. Balloons, tubings and
reaction vessels under nitrogen atmosphere.
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VI.III.2. Oxidative versus non-oxidative degradation pathways

VI.III.2.1. Ascorbic acid decay

The decay of ascorbic acid in model systems and wine has been reported to be minimal
under anaerobic conditions (Finholt, Paulssen & Higuchi, 1963; Anmo, Washitake,
Hayashi & Takahashi, 1971; Lopes et al., 2009). However, some authors have
suggested that if some residual oxygen persists in solution, ranging from 4 down to
0.5 mg/L (dissolved oxygen saturation in wine is around 7-8 mg/L at room temperature
(Ribéreau-Gayon et al., 2000; Moutounet & Mazauric, 2001; Rankine, 2002)), the
extent of ascorbic acid depletion remains the same and both the aerobic and anaerobic
pathways occur at constant rates, regardless of the dissolved oxygen concentrations
(Robertson & Samaniego, 1986).

Under the conditions used in this experiment, the rates of ascorbic acid decay under
both aerobic and anaerobic conditions were very close, i.e., about 0.1 g/L per day , but
the anaerobic samples were first depleted by day 2 while the aerobic samples were
found to be depleted by day 3 (Figure 6.14). Therefore, it seems that the samples with
reduced oxygen, i.e., ‘anaerobic’, were in fact not sufficiently depleted in oxygen to
impact on the ascorbic acid decomposition rate. In this case, both oxidative and nonoxidative pathways could proceed concurrently, as claimed by Robertson and
Samaniego (1986).

Interpreting these results is a complex task as an important experimental factor, that is
the reaction volume, must be considered. While the aerobic samples were stored in
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500 mL Schott bottles, with a 100 mL solution, the reaction vessels employed for
‘anaerobic’ conditions consisted of 12 mL Schlenk tubes, containing 10 mL solution. It
is not unknown for the reaction volume, at constant concentration, to affect the yield of
organic reactions, and there is evidence this is could be the case for ascorbic acid
degradation under the model wine conditions employed throughout this thesis
(Bradshaw, 2010). Further, the rate of decomposition of dehydroascorbic acid could not
be measured under the chromatographic conditions used here. Indeed, its poor
absorptivity in the UV-visible region and its expected short lifetime under the
experimental conditions hinder chromatographic resolution and detection (Deutsch,
McCormick, Suttie & Wagner, 1997; Wechtersbach & Cigic, 2007; Nováková, Solich
& Solichová, 2008). Therefore, the reaction volume might be a potential cause affecting
the degradation of ascorbic acid.

In view of these results, the main issue in conducting such comparative experiments
appears to be the difficulty of achieving an absolute oxygen-excluded atmosphere.
Although great care was taken to remove oxygen from the anaerobic samples (20
minutes nitrogen sparging and addition of ascorbic acid under a flow of nitrogen) and to
prevent any exposure when taking aliquots for measurements (balloons (Figure 6.13)
creating an out-flow of nitrogen when opening the reaction vessels for measurements),
the oxygen exclusion procedure was not sufficiently stringent for this particular
experiment. Unfortunately, there was no possibility for oxygen measurements at the
time these experiments were performed. Published work cited in this Chapter on the
anaerobic degradation of ascorbic acid gives no indication of how these conditions were
achieved, apart from sparging samples with nitrogen or heating the reaction media with
subsequent storage in sealed ampoules. Further, there is essentially no published
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information on the efficiency of oxygen removal from the various reaction media used
in these ‘anaerobic’ studies, except for the occasional comment that samples contain
less than 0.5 g/L dissolved oxygen, therefore implying that the conditions are not fully
anaerobic. Replicating anaerobic conditions and comparing degradation or formation
kinetics of ascorbic acid-related compounds with the available literature is therefore an
area for further work.

These results also raise the issue underlined by Bradshaw and co-workers (2001) that
any contact, even minimal, of oxygen with ascorbic acid may initiate its degradation via
the oxidative pathway and its propagation, regardless of oxygen restrictions applied
after oxygen exposure. Future experiments are therefore required under more defined
anaerobic conditions, supported by measurements of trace oxygen concentrations.

VI.III.2.2. Formation of 3-hydroxy-2-pyrone and 2-furoic acid

The formation of 3-hydroxy-2-pyrone and 2-furoic acid followed a similar trend until
day 4 but differed in terms of accumulation, stabilisation and/or degradation past day 4
(Figures 6.14 and 6.15). While both compounds exhibited maximum production rates
until about day 4 (i.e., 1-2 days after total depletion of ascorbic acid, Figure 6.14), 3hydroxy-2-pyrone then stabilised or decayed (only in the aerobic ascorbic acid sample,
Figures 6.14 and 6.15) and 2-furoic acid continued to accumulate but at a slower rate
(Figures 6.14 and 6.15). The same formation/stabilisation pattern was also observed by
Shinoda et al. (2004; 2005) who studied the production of both compounds in orange
juice model systems.

234

Chapter VI – Further investigations of ascorbic acid degradation products in model wine

Figure 6.14: Ascorbic acid (AA: 0.2 g/L) decay and formation of 3-hydro-2-pyrone and
2-furoic acid under aerobic and anaerobic conditions. Aero: aerobic; Ana: anaerobic;
3OH2P: 3-hydroxy-2-pyrone; 2FA: 2-furoic acid. Error bars indicate the 95% (p = 0.05)
confidence limits (n = 3); error bars that cannot be seen are smaller than the size of the
symbol.

Intriguingly, the formation of both 3-hydroxy-2-pyrone and 2-furoic acid was found to
be significantly (p = 0.05) enhanced in the ‘anaerobic’ conditions of this experiment
(Figure 6.14). This could imply that their formation is impacted by reduced oxygen
conditions once some dehydroascorbic acid is formed, however, no such difference was
observed with the dehydroascorbic acid samples (Figure 6.15). These results underline
the complexity of the reaction systems and may even highlight that the ascorbic acid to
dehydroascorbic acid step may well produce one or more as yet undetected species.
Consequently, direct comparison of the amounts of compounds being produced between
the ascorbic acid and dehydroascorbic acid samples should not be made as there is a
potential for different mechanisms operating in these model wine systems and hence, a
whole range of possibilities that needs to be further investigated.
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On the other hand, the dehydroascorbic acid samples exhibited production of 3hydroxy-2-pyrone and 2-furoic acid as soon the reaction started (samples DHA, Figure
6.15) as opposed to the slow production rate until day 1 for the ascorbic acid samples
(samples AA, Figure 6.15). This is consistent with similar delays, or often termed ‘lag
period’, required for the initial oxidation of ascorbic acid into dehydroascorbic acid to
take place before further degradation of the latter (Robertson & Samaniego, 1986;
Bradshaw et al., 2001). Therefore, the data obtained with dehydroascorbic acid show
that, in oxygen-saturated conditions (aerobic samples) and oxygen-restricted media
(‘anaerobic’ samples), both 3-hydroxy-2-pyrone and 2-furoic acid directly emanate
from dehydroascorbic acid.

Figure 6.15: Formation of 3-hydro-2-pyrone (left hand side) and 2-furoic acid (right
hand side) from ascorbic acid (AA: 0.2 g/L) and dehydroascorbic acid (DHA: 0.2 g/L)
under aerobic and anaerobic conditions. Aero: aerobic; Ana: anaerobic; 3OH2P: 3hydroxy-2-pyrone; 2FA: 2-furoic acid. Error bars indicate the 95% (p = 0.05)
confidence limits (n = 3).
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The mechanistic difference distinguishing ascorbic acid and dehydroascorbic acid as
starting reagents resides in the initial degradation pathways they undertake. While
dehydroascorbic acid is one of the ‘primary’ ascorbic acid oxidative degradation
products, along with hydrogen peroxide, ascorbic acid can also undergo non-oxidative
reaction pathways, in which dehydroascorbic acid and hydrogen peroxide are not
produced. Alternatively, hydrogen peroxide has been found to react with ascorbic acid,
dehydroascorbic acid and 2,3-diketogulonic acid to form L-threonic acid (Niemelä,
1987; Deutsch, 1998a, 1998b). Therefore, while the similarity in ascorbic acid
degradation rates in both aerobic and anaerobic samples (Figure 6.14) remains
unresolved, more hydrogen peroxide would be expected to be formed from ascorbic
acid in the aerobic samples. In this case, hydrogen peroxide could potentially react with
ascorbic acid and initiate a degradation pathway different to that required for the
formation of 3-hydroxy-2-pyrone and 2-furoic acid. Consequently, less 3-hydroxy-2pyrone and 2-furoic acid would be formed in the aerobic ascorbic acid samples than in
the equivalent anaerobic solutions, which is consistent with the results shown in Figure
6.15. In addition, hydrogen peroxide could also influence the stability of 3-hydroxy-2pyrone and 2-furoic acid. That is, if hydrogen peroxide is able to react with these
compounds or any of their precursors (Figure 6.1), then they would not accumulate as
much as when directly emanating from dehydroascorbic acid solutions (i.e., no
hydrogen peroxide present). It seems to only be the case for 3-hydroxy-2-pyrone in the
aerobic ascorbic acid sample (Figure 6.15), in agreement with Kimoto and co-workers’
observations that 3-hydroxy-2-pyrone exhibited reductive properties while 2-furoic acid
displayed oxidative properties (Kimoto et al., 1993).
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VI.III.2.3. Formation of furfural

The production of furfural was found to be same under aerobic and anaerobic conditions
(Figure 6.16). Although not as common as its non-oxidative formation pathway, it has
been reported that furfural could also be formed via aerobic degradation of ascorbic
acid, with some authors proposing it occurred via the interconversion between
dehydroascorbic acid and ascorbic acid (Kurata & Sakurai, 1967a) or via the enol form
of 2,3-diketogulonic acid, i.e., 2-ketogulonic acid (Kurata & Sakurai, 1967a). Its
formation has also been suggested to arise from the enediol form of L-xylosone by a
series of dehydrations and reduction (Kimoto et al., 1993). While its production from
ascorbic acid under both ‘aerobic’ and ‘anaerobic’ conditions (Figure 6.16) tends to
agree with such oxidative formation pathways, no furfural was detected in any of the
dehydroascorbic acid samples used here, therefore supporting that under conditions
relevant to white wine, the formation of furfural arises from the non-oxidative
degradation of ascorbic acid.

Figure 6.16: Ascorbic acid (AA: 0.2 g/L) decay and formation of furfural under aerobic
and anaerobic conditions. Aero: aerobic; Ana: anaerobic; FF: furfural. Error bars
indicate the 95% (p = 0.05) confidence limits (n = 3).
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Alternatively, some authors claimed that dissolved oxygen, ranging from 0.5 to 4 mg/L,
does not have any impact on the extent of ascorbic acid decomposition and furfural
production at pH 2.6 and that both the aerobic and anaerobic pathways take place at
constant rates within these oxygen values (Robertson & Samaniego, 1986). The results
in Figure 6.16 tend to agree with this proposal, suggesting there may have been some
residual dissolved oxygen in the ‘anaerobic’ samples used in this study.

Although sufficient anaerobic conditions were not achieved, the results show that under
conditions relevant to wine, dehydroascorbic acid forms 2-furoic acid and 3-hydroxy-2pyrone, highlighting the formation of the two compounds via an oxidative degradation
pathway from ascorbic acid. On the other hand, no furfural was detected from
dehydroascorbic acid, implying its formation under wine conditions proceeds via a nonoxidative pathway from ascorbic acid. In addition, the extent of furfural production was
similar in both aerobic and ‘anaerobic’ ascorbic acid samples, which supports the
hypothesis that the non-oxidative degradation of ascorbic acid takes place even in the
presence of oxygen.

VI.III.3. Relationship between the formations of 3-hydroxy-2-pyrone and (+)-Lxylosone-catechin adducts

3-Hydroxy-2-pyrone has been reported to arise from L-xylosone (Kurata & Sakurai,
1967a; Kurata & Fujimaki, 1976a; Kimoto et al., 1993; Yuan & Chen, 1998a). In
addition, L-xylosone was identified as a pigment precursor by reacting with (+)catechin under wine conditions (Chapter V). Therefore, the extent of 3-hydro-2-pyrone
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produced with and without (+)-catechin was re-examined using the data obtained in
Chapter IV.

(+)-Catechin was found to impact significantly (p = 0.05) on the formation of 3hydroxy-2-pyrone (Figure 6.17). However, the effect was opposite to what was
expected, as it was supposed that in the presence of (+)-catechin, the latter reacts with
L-xylosone to form the pigment precursors, and consequently lowers the amount of Lxylosone available to further yield 3-hydroxy-2-pyrone. On the contrary, it seemed that
(+)-catechin actually reduced the extent of decay of 3-hydroxy-2-pyrone, i.e., more 3hydroxy-2-pyrone was found in solutions containing (+)-catechin (Figure 6.17).

Figure 6.17: Formation and decay of 3-hydroxy-2-pyrone in a tartaric acid-buffered
model wine system with (12%, v/v) or without ethanol, containing (+)-catechin (Cat:
250 mg/L) and ascorbic acid (AA: 500 mg/L). TA: tartaric acid; EtOH: ethanol. Error
bars indicate the 95% (p = 0.05) confidence limits (n = 3).

The point at which ascorbic acid was near depletion, day 4 in the ethanol-samples and
day 8 in ethanol-free samples (Figure 4.13, Chapter IV), correlated with the onset of
(+)-catechin’s impact on the formation on 3-hydroxy-2- pyrone (Figure 6.17). As
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ascorbic acid and (+)-catechin can both act as antioxidants, they have the ability to
preferentially react with oxidising species, such as hydrogen peroxide and free radicals,
and protect other species in solution. If oxidising species were to react with 3-hydroxy2-pyrone, ascorbic acid would first act as an antioxidant due to its lower redox potential
(Kilmartin et al., 2001; Danilewicz, 2003) followed by (+)-catechin once ascorbic acid
is nearly depleted. Consequently, on near depletion of ascorbic acid in the model wine
systems, (+)-catechin may offer protection to the ascorbic acid degradation products by
scavenging hydrogen peroxide or its associated radicals.

Ethanol was also found to enhance the initial formation rate of 3-hydroxy-2-pyrone,
probably as a consequence of the increased ascorbic acid degradation rate in the
presence of ethanol (i.e., 4 days as opposed to 8 days in the absence of ethanol, Section
IV.III.3, Chapter IV). In addition, the ethanol-free samples exhibited less production
and/or accumulation of 3-hydroxy-2-pyrone, confirming the protective effect of ethanol
towards the pyrone stability. It was noted above that both ascorbic acid and (+)-catechin
offered a protective effect towards 3-hydroxy-2- pyrone and the ability of ethanol to act
as a scavenger of oxidising species, such as hydrogen peroxide or hydroxyl radicals,
underscores the basis of this protective effect. Further, the presence of ethanol was
found to reduce the extent of (+)-catechin’s impact on the stability of 3-hydroxy-2pyrone (Figure 6.17). As ethanol is a powerful radical scavenger (O’Donnell &
Sangster, 1970), its presence could ‘relieve’ (+)-catechin of some of its antioxidant
‘duties’, which was supported by reduced (+)-catechin loss in the presence of ethanol
(Figure 4.12, Chapter IV).
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VI.IV. CHAPTER SUMMARY

The use of different techniques such as HPLC-NMR and HPLC-DAD using an ion
exclusion column allowed the unequivocal identification of three ascorbic acid
degradation products, namely 3-hydroxy-2-pyrone, 2-furoic acid and furfural. The
formation of these compounds was monitored under aerobic and ‘anaerobic’ conditions
from ascorbic acid and dehydroascorbic acid. The results showed that 3-hydroxy-2pyrone and 2-furoic acid were formed via the oxidative ascorbic acid degradation
pathway, while furfural arose from the non-oxidative pathway. The non-oxidative
pathway was also found to occur to the same extent under both conditions, i.e., oxygensaturated media (aerobic) and oxygen-restricted environment (‘anaerobic’).

The identification of peak 3, major peak observed on the ascorbic acid degradation
chromatograms, as 3-hydroxy-2-pyrone also allowed a possible pathway for its
degradation to be deduced. Knowing that 3-hydroxy-2-pyrone is formed from
L-xylosone and that L-xylosone also reacts with (+)-catechin to form pigment
precursors, the impact of ethanol and (+)-catechin on the pyrone formation suggests that
the compound is sensitive to oxidising conditions (e.g. hydrogen peroxide and free
radicals), which hinder the formation of the pyrone and enhance its degradation.

It is important to note that, once again, the results found in this experiment underscore
the complexity of the degradation of ascorbic acid. Although relatively simple model
wine systems are used in this thesis, there are many potential degradation pathways,
whether oxidative or non-oxidative, each with specific ‘operating’ parameters and
sometimes competing that makes interpretation of the data and comparison of results
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between experiments difficult. The results presented here suggest that there are at least
two different pathways for the degradation of ascorbic acid: one under near oxygensaturated conditions and another under low oxygen conditions. Further, the degradation
of dehydroascorbic acid, the commonly described initial degradation products of
ascorbic acid, appears to follow a separate pathway, implying that there may be one or
more compounds formed from the breakdown of ascorbic acid itself, including
hydrogen peroxide, that are not formed from dehydroascorbic acid. In essence, the
results presented in this Chapter suggest that the potential competing mechanisms
explain the wide variety of compounds arising from the ascorbic acid degradation that
have been described in the literature. The results also form a basis for a more intensive
and highly controlled series of experiments that would allow the competing mechanisms
to be identified.
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CHAPTER VII
CHEMISTRY OF ASCORBIC ACID AND SULFUR DIOXIDE

VII.I. INTRODUCTION

The commonly ascribed antioxidant action by which ascorbic acid protects wine relies
on its reaction with molecular oxygen and/or preferential autoxidation over phenolic
compounds (Kilmartin, Zou & Waterhouse, 2001; Danilewicz, 2003). Through both
mechanisms, the oxidation of ascorbic acid generates dehydroascorbic acid and
hydrogen peroxide (Figure 7.1). While dehydroascorbic acid is an unstable compound
and is known to degrade into a wide range of products (Sections I.V.1.1 and I.V.1.3,
Chapter I and Chapter VI), hydrogen peroxide can lead to detrimental spoilage
reactions, especially in the presence of metal ions (Sections I.IV.3 and I.V.1.2,
Chapter I).

Molecular
oxyen

OH
O

HO

O

+
HO

OH

Ascorbic acid

Metal
Metal

O2

Hydrogen
peroxide

OH
O

HO

O

+

ions

O

H 2O2

O

Dehydroascorbic acid

Figure 7.1: Reaction of ascorbic acid with molecular oxygen.

Sulfur dioxide is recommended for use as a complementary antioxidant when utilising
ascorbic acid in wine, as the latter does not exhibit antimicrobial properties (RibéreauGayon, Dubourdieu, Donèche & Lonvaud, 2000). In addition, the presence of sulfur
249

Chapter VII – Chemistry of ascorbic acid and sulfur dioxide

dioxide is critical to ensure efficient scavenging of hydrogen peroxide (McArdle &
Hoffmann, 1983) (Figure 7.2). However, the latter results in a drop of both ‘free’ sulfur
dioxide and ‘total’ sulfur dioxide concentrations (Danilewicz, 2007), which may
eventually lead to a complete loss of sulfur dioxide. Sulfur dioxide has also been
reported to interact with dehydroascorbic acid and its degradation products (Wedzicha,
1984) (Section I.V.4, Chapter I) (Figure 7.3), but it is not known whether such
interactions are sufficiently strong under wine conditions to result in a decrease of the
free and/or total sulfur dioxide. Bradshaw et al. (2004) reported a 1.7:1 mole ratio for
consumed sulfur dioxide to oxidised ascorbic acid in a model wine system similar to
that used in this thesis. This mole ratio, greater than 1:1, suggested that sulfur dioxide
may have been binding dehydroascorbic acid or its degradation products (Figure 7.3), as
well as scavenging hydrogen peroxide (Figure 7.2).

Figure 7.2: Reaction of sulfur dioxide with hydrogen peroxide.
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Figure 7.3: Possible interactions of sulfur dioxide with dehydroascorbic acid and its
degradation products in wine.
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In the absence of ascorbic acid, it is suggested that sulfur dioxide normally operates as
depicted in Figure 7.4 (Danilewicz, Seccombe & Whelan, 2008; Makhotkina &
Kilmartin, 2009). In this case, oxygen undergoes a metal ion-mediated reaction with
phenolic compounds, of ortho-dihydroxybenzene functionality, and ultimately generates

a

hydrogen peroxide and ortho-quinone compounds
(Danilewicz, 2003; Waterhouse &
OH
OH

O

HO

Laurie, 2006). The sulfur dioxide can then scavenge Ohydrogen peroxide Hand
the
O
HO

OH

O
O

Metal ions

otherwise reactive ortho-quinone compound, thereby forming a sulfonic addition
O

O

product (Figure 7.4). Alternatively, sulfur dioxide can also
O2 react with the ortho-quinone
H O
2

molecular oxygen

2

hydrogen peroxide

in a mechanism, where the ortho-quinone compound is reduced back to its original
phenolic structure with production of sulfate in the process (Figure 1.7, Chapter I). As a

b

ascorbic acid

dehydroascorbic

consequence of these reactions, the mole ratio of sulfur dioxide consumption to oxygen
OH

OH
O

consumption in wine is around 2:1, Hwhich
has been Oconfirmed experimentally
by
O
HO
Danilewicz et al. (2008).
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VII.I.1. Chapter aims

The earlier chapters of this thesis have focussed on the chemistry of ascorbic acid and
its oxidative degradation in wine-like media. The main focus of this chapter is to
investigate the impact of sulfur dioxide on the reactions associated with the oxidative
degradation of ascorbic acid in the model wine system, including colouration and
pigment formation (Chapter IV), the formation of the L-xylosone-derived (+)-catechin
isomers (Chapter V) and the main ascorbic acid degradation products (Chapter VI). In
addition, the complexity of the model wine system was further increased by the
inclusion of metal ions. Finally, a variety of sulfur dioxide to ascorbic acid mole ratios
were utilised in order to provide an assessment of the impact of such a ratio on the
reactions described above.

VII.II. IMPACT OF SULFUR DIOXIDE ON THE CHEMISTRY OF ASCORBIC
ACID

VII.II.1. Experimental design

The model wine system consisted of the tartaric acid-buffered 12% (v/v) aqueous
ethanol solution used in the previous chapters of this thesis at pH 3.20 with 100 mg/L
(+)-catechin, the latter representative of the flavanoid concentration in a heavily pressed
white wine (Ough & Amerine, 1988; Zoecklein, Fugelsang, Gump & Nury, 1995;
Rankine, 2002).
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Ascorbic acid, sulfur dioxide and metal ions were added to this model wine system as
described in Figure 7.5 and Table 7.1. The initial concentration of sulfur dioxide was
measured as 27 mg/L, which is a typical free level adopted in white wine (RibéreauGayon et al., 2000; Rankine, 2002). The concentrations of ascorbic acid at 41, 82 and
165 mg/L provided sulfur dioxide to ascorbic acid mole ratios of 2:1, 1:1 and 1:2,
respectively, and covered the concentration range at which ascorbic acid is routinely
used in white wine (Zoecklein et al., 1995; Boulton, Singleton, Bisson & Kunkee, 1996;
Ribéreau-Gayon et al., 2000; Rankine, 2002). The metal ion composition and
concentrations were 0.2 mg/L copper(II) and 5 mg/L iron(II), which also fall within the
range encountered in white wine (Danilewicz, 2007). The metal ions were added as
copper(II) and iron(II), as has been standard practice in previous model wine studies
(Danilewicz et al., 2008; Sonni, Clark, Prenzler, Riponi & Scollary, 2011).

Figure 7.5: Overview of the reaction solutions used. Cat: (+)-catechin; AA: ascorbic
acid; SO2: sulfur dioxide.

253

Chapter VII – Chemistry of ascorbic acid and sulfur dioxide

Table 7.1: Composition of the samples. The symbols designating each sample are used
throughout the text of this chapter.
A: ascorbic acid (mg/L)
Samples

41

82

165

M: metal ions (mg/L)

S: sulfur dioxide (mg/L)

Iron(II) = 5
Copper(II) = 0.2

27

82A



82AS



82AM





82AMS







41AM





41AMS





165AM
165AMS













The samples (150 mL) were prepared in triplicate and each was placed in a 500 mL
Schott reagent bottle with a head space of 420 mL. Samples were aerated on a daily
basis with rapid stirring for two minutes to ensure the oxygen concentration was not
exhausted throughout the experiment. The samples were stored in darkness at a
temperature of 20 C. The lower temperature was adopted in this chapter (i.e., compared
to 45 °C in the other chapters), not only as it is more relevant to typical wine storage
conditions, but also to avoid both loss of volatile sulfur dioxide and the temperatureinduced dissociation of bisulfite-addition products (Ribéreau-Gayon et al., 2000). All
samples were analysed by: the FIAstarTM (Flow Injection Analysis) wine analyser, for
free and total sulfur dioxide; spectrophotometric methods, including CIELab
(Commission Internationale de l’Eclairage) colour analysis and UV-visible spectra; and
chromatographic analyses by UPLC-DAD for L-xylosone-derived (+)-catechin isomers
(Chapter V) and pigments and by an ion-exclusion HPLC-DAD method (Yuan & Chen,
1998a, 1998b) for ascorbic acid, (+)-catechin and the main degradation products
identified in Chapter VI, consisting of 3-hydroxy-2-pyrone, 2-furoic acid and furfural.
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In the following sections, the effect of each model wine component, as well as their
combinations were assessed in terms of sulfur dioxide consumption, ascorbic acid
degradation, L-xylosone-derived (+)-catechin isomer formation, pigment and colour
development as well as the main ascorbic acid degradation products’ formation.

VII.II.2. Sulfur dioxide consumption

The extent of sulfur dioxide consumption was investigated with regards to the impact of
metal ions and ascorbic acid (Figure 7.6) as well as the importance of the initial mole
ratio of sulfur dioxide to ascorbic acid (Figure 7.7). In fact, discussion of the impact of
ascorbic acid and sulfur dioxide in terms of their mole ratios appears to be one of the
major omissions in the available literature.

The data in Figures 7.6 and 7.7 demonstrated that metal ions and ascorbic acid
accelerated the rate of sulfur dioxide consumption, both as a function of free and total
sulfur dioxide (Figures 7.6 and 7.7). Metal ions are well known to accelerate oxidative
processes and are involved in the oxidation of ascorbic acid (Singleton, 1987;
Danilewicz, 2003) (Section I.IV.2, Chapter I) and phenolic compounds by molecular
oxygen (Singleton, 1987; Danilewicz, 2003; Waterhouse & Laurie, 2006), as shown in
Figures 7.1 and 7.4, respectively. As a consequence of both metal-catalysed oxidation
reactions, hydrogen peroxide is produced, which enhances sulfur dioxide consumption
due to its scavenging action (McArdle & Hoffmann, 1983) (Figure 7.2). This is evident
by comparison of samples S and MS, as well as 82AS and 82AMS between day 1 and
day 6 (Figure 7.6). As mentioned in the introduction to this chapter, the impact of

255

Chapter VII – Chemistry of ascorbic acid and sulfur dioxide

ascorbic acid on sulfur dioxide concentration is due to the accelerated oxygen
consumption in the presence of ascorbic acid, which in turn leads to enhanced hydrogen
peroxide formation. The combination of both ascorbic acid and metal ions had a
synergistic effect that led to an accelerated rate of sulfur dioxide consumption, as
demonstrated by the 82AMS sample at both day 1 and day 6 (Figure 7.6).

Total SO2

DAY 1
30

30
Sulfur Dioxide Concentration (mg/L)

Sulfur Dioxide Concentration (mg/L)

Total SO2
Free SO2

DAY 6

Free SO2

25
20
15
10
5
0

25
20
15
10
5
0

S

MS

82AS
Sample

82AMS

S

MS

82AS

82AMS

Sample

Figure 7.6: Decay of free and total sulfur dioxide at 20 °C after 1 day (left hand side)
and after 6 days (right hand side) as influenced by ascorbic acid concentration (0 and 82
mg/L) and metal ions. Sample names as per Table 7.1. Dashed line indicates initial
sulfur dioxide concentration. Error bars indicate the 95% (p = 0.05) confidence limits
(n = 3).

Figure 7.7 shows the decay in sulfur dioxide at different concentrations of ascorbic acid
in the presence of metal ions. As mentioned above, the ascorbic acid concentrations
adopted related to initial sulfur dioxide to ascorbic acid mole ratios of 2:1 (41 mg/L
ascorbic acid), 1:1 (82 mg/L ascorbic acid) and 1:2 (165 mg/L ascorbic acid). The
results showed increased free and total sulfur dioxide consumption as the initial
ascorbic acid concentration was increased (Figure 7.7), as has been reported by previous
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authors in model wine systems or wine (Peng, Duncan, Pocock & Sefton, 1998;
Bradshaw et al., 2004). Again, this was consistent with increased oxygen consumption
at high levels of ascorbic acid.

30

Sulfur Dioxide Concentration (mg/L)

25

After 3.5 hours

After 1 day
Total SO2

20

Free SO2
15

10

5

0
41AMS

82AMS

165AMS

41AMS

82AMS

165AMS

Sample

Figure 7.7: Decay of free and total sulfur dioxide 20 °C after 3.5 hours and 1 day as
influenced by ascorbic acid concentrations (41, 82 and 165 mg/L) in the presence of
metal ions. Sample names as per Table 7.1. Dashed line indicates the initial sulfur
dioxide concentration. Error bars indicate the 95% (p = 0.05) confidence limits (n = 3).

The results in Figures 7.6 and 7.7 showed only slight differences between the free and
total sulfur dioxide levels, especially at the earlier stages of the experiment. Given that
the mechanism in Figure 7.2 is known to lower both free and total sulfur dioxide
(Danilewicz, 2007), this suggests that additional consumption of sulfur dioxide by the
ascorbic acid degradation products is not significant (Figure 7.3). In other words,
dehydroascorbic acid and its degradation products are either weak binders of sulfur
dioxide that dissociate during the measurement of free sulfur dioxide, or are strong
binders of sulfur dioxide and do not dissociate during the measurement of total sulfur
dioxide (Wedzicha, 1984; Danilewicz et al., 2008). Further comment on the binding of
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sulfur dioxide to ascorbic acid degradation products is made in Sections VII.II.3 and
VI.II.5 of this Chapter.

VII.II.3. Ascorbic acid consumption

Sulfur dioxide slowed the degradation of ascorbic acid in both presence and absence of
metal ions (Figure 7.8). Although the ascorbic acid decay appeared similar until about
day 4 for the samples without metal ions (samples 82A and 82AS, Figure 7.8), the
presence of sulfur dioxide extended the period before 90% depletion of ascorbic acid by
a factor of four (between 12 and 19 days for 82A versus between 46 and 66 days for
82AS, Figure 7.8) when at a 1:1 mole ratio. Similar observations were made by
Bradshaw et al. (2004) who reported that sulfur dioxide doubled the time before
depletion of ascorbic acid at a 1:1 sulfur dioxide to ascorbic acid initial mole ratio.
Given the known ability of hydrogen peroxide to react with ascorbic acid (Niemelä,
1987; Deutsch, 1998a, 1998b), it is likely that sulfur dioxide can scavenge the hydrogen
peroxide before the latter is able to enhance ascorbic acid degradation. At this stage, the
relative rates of reaction between hydrogen peroxide and sulfur dioxide, and hydrogen
peroxide and ascorbic acid in wine conditions have not been determined, but it appears
from the results of this experiment and other authors (Bradshaw et al., 2004), that the
reaction between sulfur dioxide and hydrogen peroxide prevails over that of hydrogen
peroxide and ascorbic acid.

The ability of metal ions to accelerate the decay of ascorbic acid was evident by
comparison of all the samples containing 82 mg/L ascorbic acid (left hand side, Figure
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7.8). Indeed, metal ions are well known to accelerate the degradation of ascorbic acid
(Section I.IV.2, Chapter I), and as evident from Figure 7.8, ascorbic acid had already
started to decay prior to the first injection on the HPLC-DAD in the presence of metal
ions. Although the metal ion-catalysed degradation of ascorbic acid was reduced by the
presence of sulfur dioxide (right hand side, Figure 7.8), the latter was not sufficient to
counteract the catalysing effect of metal ions (left hand side, Figure 7.8). Therefore,
although the catalytic effect of metal ions on ascorbic acid degradation is clear, it is not
certain what impact metal ion speciation in wine can have on this role (Scollary, 1997),
that is, whether the fraction of metal ions that are tightly complexed in wine can still
accelerate ascorbic acid decay and/or which oxidation state of the metal ion, e.g. iron(II)
or iron(III), participate in this process.

Figure 7.8: Ascorbic acid decay at 20 °C and impact of metal ions, sulfur dioxide and
initial ascorbic acid concentration. Measurements performed by HPLC-DAD. Sample’s
names as per Table 7.1. Error bars indicate the 95% (p = 0.05) confidence limits (n = 3).

As mentioned above, the extent of sulfur dioxide’s protective effect towards ascorbic
acid was still apparent in the presence of metal ions, although to a lower extent than
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without added metal ions. For example, sulfur dioxide only extended the presence of
ascorbic acid in solution by one day, even at high initial sulfur dioxide to ascorbic acid
mole ratio (right hand side, Figure 7.8) as opposed to a minimum of 40 days in the
absence of metal ions at a 1:1 mole ratio (left hand side, Figure 7.8).

The data in Figure 7.8 also allowed calculation of the amount of oxygen consumed in
the samples by assessing the amount of ascorbic acid consumed and utilising the 1:1
stoichiometry between oxygen and ascorbic acid, as shown in Figure 7.1. This was only
possible in the samples containing sulfur dioxide as it scavenges hydrogen peroxide
(McArdle & Hoffmann, 1983), and therefore should prevent any competing ascorbic
acid mechanisms (i.e., peroxide-induced degradation (Niemelä, 1987; Deutsch, 1998a,
1998b)). Consequently, after day 1, the total oxygen consumed was calculated as 16, 11
and 6 mg/L for the 165, 82 and 41 mg/L ascorbic acid samples, respectively (i.e.,
165AMS, 82AMS, 41AMS, Figure 7.8). As expected, the higher the initial
concentration of ascorbic acid, the higher the amount of oxygen consumed. However, of
importance is that, at the end of the experiment, the total oxygen consumed is also likely
to increase with initial ascorbic acid concentrations in a situation where oxygen supply
is not limited. This is in contrast to bottled wine where the oxygen supply is usually low
and limited to the total packaged oxygen at bottling and low ingress rates through the
closure during storage (Lopes, Saucier & Glories, 2005; Lopes, Saucier, Teissedre &
Glories, 2007; O'Brien, Colby & Nygaard, 2009). Therefore in the bottle, a high
concentration of ascorbic acid would still consume the set amount of oxygen, although
more quickly, but not increase the total amount of oxygen consumed.
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The mole ratios of consumed sulfur dioxide to oxidised ascorbic acid were determined
from the measurements of sulfur dioxide with FIAstarTM and ascorbic acid with the ionexclusion HPLC-DAD method. The mole ratios obtained for the total consumed sulfur
dioxide to oxidised ascorbic acid were not significantly different (p = 0.05) to the
equivalent mole ratios for free sulfur dioxide in the samples without metal ions, except
at day 19 (82AS, Table 7.2), but were generally lower (p = 0.05) in the samples with
metal ions, especially at a high sulfur dioxide to ascorbic acid mole ratio (41AMS,
Table 7.2). Therefore, metal ions would appear to induce the formation of at least some
bound forms of sulfur dioxide in the model wine system. This may have been due to the
ability of metal ions to degrade hydrogen peroxide before its reaction with sulfur
dioxide and thereby produce acetaldehyde from ethanol, a known strong binder of sulfur
dioxide (Burroughs & Sparks, 1973). Wildenradt and Singleton (1974) demonstrated
that acetaldehyde could still be produced during the oxidative storage of model wine
systems despite the presence of 100 mg/L sulfur dioxide.

The fact that the mole ratios of total sulfur dioxide consumed are not significantly
different to the mole ratios calculated for free sulfur dioxide in the 82AS sample
suggests that if dehydroascorbic acid, or its degradation products, binds sulfur dioxide
(Figure 7.3) then the resulting products are sufficiently weak for the sulfur dioxide to be
measured as ‘free sulfur dioxide’. In the FIAstarTM measurements of sulfur dioxide, as
with the other more traditional methods (i.e., aspiration-oxidation, iodiometric), the
sample is acidified, which can liberate sulfur dioxide that is in weakly bound complexes
(Ribéreau-Gayon et al., 2000). The particular binding between sulfur dioxide and some
of the ascorbic acid degradation products, including L-xylosone, 3-hydroxy-2-pyrone
and 2-furoic acid is discussed further in the following sections of this chapter.
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Table 7.2: Mole ratios of consumed sulfur dioxide to ascorbic acid at 20 °C. The time
at which the data was calculated is indicated in brackets. Sample names as per Table
7.1. Uncertainties are indicated as the 95% (p = 0.05) confidence limits (n = 3).
Initial ratio
SO2 : AA

Time
(days, unless
specified)

82AS

1:1

1
2
3
4
6
12
19
28

41AMS

2:1

4hrs
1
2

*,a(1.69
*,b(1.29
*,c(1.24

0.02) : 1
0.02) : 1
0.02) : 1

*,a(1.12
*,b(0.97

0.06) : 1
0.02) : 1

Sample

82AMS

1:1

4hrs
1
2

165AMS

1:2

4hrs

Consumed ratio
Free SO2 : AA1

Consumed ratio
Total SO2 : AA1

*,a(3 1) : 1
*,b(1.6 0.1) : 1
*,c(1.2 0.2) : 1
*,c,d(1.2 0.1) : 1
*,c,d,e(1.0 0.1) : 1
,c,e,f
* (0.99 0.08) : 1
*,c,d,g(1.21 0.09) : 1
*,c,d,e,f,g(1.1 0.1) : 1

*,a(2.8
*,b(1.7
*,c(1.2
*,c,d(1.3
*,c,d,e(1.09
*,f(0.93
#,c,d,e,f(0.97
*,c,d,e(1.23

0.6) : 1
0.1) : 1
0.2) : 1
0.2) : 1
0.07) : 1
0.04) : 1
0.08) : 1
0.09) : 1

#,a(1.3

0.1) : 1
0.03) : 1
0.02) : 1

*(1.6

0.2) : 1

#,b(1.05
#,b(1.03

*,a(1.07 0.09) : 1
#,b(0.90
0.03) : 1
b(0.89
0.04) : 1
*(1.2

0.2) : 1

1 AA

measured by HPLC-DAD , SO2 measured by FIAstarTM.
same symbol indicates no significant (p = 0.05) difference between free and total ratios for a same day.
a, b, c, d, e, f, g The same letter indicates no significant (p = 0.05) difference between values within a sample.
*, # The

All samples exhibited a decay in sulfur dioxide mole ratios, free and total, over time,
starting from about 3:1 without metal ions (82AS, Table 7.2) and 1.3:1 (average of free
and total mole ratios at 4 hours for 41AMS, 82AMS and 165AMS) in the presence of
metal ions at the beginning of the reaction, and approaching a 1:1 mole ratio towards
the end of the reaction period (Table 7.2). It appears that the longer the time of decay
for both ascorbic acid and sulfur dioxide, the higher the initial consumption mole ratios.
These high consumption mole ratios are most likely due to competing mechanisms also
consuming sulfur dioxide and providing an apparent high mole ratio. For instance, this
may be due to the mechanism highlighted in Figure 7.4 that proceeds significantly at the
same time as the ascorbic acid decay, due either to the slow oxygen uptake by ascorbic
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acid oxidation in the absence of a catalyser (82AS, Table 7.2) or to the low ascorbic
acid concentration (41AMS, Table 7.2). The combined reactions in Figures 7.1, 7.2 and
7.4 would provide a sulfur dioxide to ascorbic acid consumption mole ratio of 3:1 (i.e.,
3 × SO2 in Figures 7.1, 7.2 and 7.4 : 1 × ascorbic acid in Figure 7.1). In addition, as the
sulfur dioxide becomes depleted, then ascorbic acid may start scavenging hydrogen
peroxide (Niemelä, 1987; Deutsch, 1998a, 1998b) and/or the ortho-quinone (Mathew &
Parpia, 1971; Boulton et al., 1996; Danilewicz, 2003) and thereby lower the 3:1 mole
ratio to 1:1 over time. On the other hand, a 1:1 consumption mole ratio would indicate
that as ascorbic acid is oxidised by oxygen, the sulfur dioxide is only consumed by
hydrogen peroxide (Figure 7.2). Therefore, it is clear that in the absence of a catalyser
(e.g. metal ions) to speed up the oxidation of ascorbic acid, the use of the average
consumption mole ratio of sulfur dioxide to oxidised ascorbic acid is not representative
of the overall process and separate values should be considered according to the
reaction progress.

VII.II.4. (+)-Catechin consumption

Figure 7.9 shows that the decay of (+)-catechin is most affected by the presence of
metal ions. This is evident from the curves for the two samples without metal ion (82A
and 82AS, Figure 7.9) showing minimal decay compared to the other samples, all of
which contained metal ions. These observations are consistent with the ability of metal
ions to increase oxygen consumption (Section VII.II.3 of this Chapter) and oxidation of
polyphenols (Figure 7.4) (Singleton, 1987; Danilewicz, 2003; Waterhouse & Laurie,
2006). Although there was a trend of increased (+)-catechin retention in the presence of
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sulfur dioxide, the only significant (p = 0.05) impact (i.e., 16% more retention in the
41AMS sample compared to 41AM at day 66, Figure 7.9) was observed at low ascorbic
acid concentration, i.e., 41 mg/L, corresponding to an initial sulfur dioxide to ascorbic
acid mole ratio of 2:1. This implied that, in the presence of metal ions, a high sulfur
dioxide to ascorbic acid mole ratio was required to afford significant protection of (+)catechin. In the absence of ascorbic acid, previous work showed that sulfur dioxide had
the ability to totally inhibit (+)-catechin decay (14 days) in a model wine system similar
to that used in this thesis, albeit without metal ions (Bradshaw et al., 2004).

Figure 7.9: (+)-Catechin decay at 20 °C and impact of metal ions, sulfur dioxide and
ascorbic acid concentration. Measurements performed by HPLC-DAD. Sample names
as per Table 7.1. Error bars indicate the 95% (p = 0.05) confidence limits (n = 3).

VII.II.5. Pigment precursors

Chapter V identified two isomers and pigment precursors, namely (+)-1”-methylene-6”hydroxy-2H-furan-5”-one-6-catechin and (+)-1”-methylene-6”-hydroxy-2H-furan-5”one-8-catechin, i.e., (+)-MHF-6-catechin and (+)-MHF-8-catechin, respectively, which
were formed from (+)-catechin and L-xylosone, a degradation product of ascorbic acid.
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Impact of the model wine components on the (+)-MHF-8-catechin isomer is described
in this section, as it is known to be formed preferentially to the equivalent C6 isomers
(Section V.II.2.2, Chapter V), and consequently provided superior resolution on the
UPLC-DAD chromatograms. For this reason, the following discussion focuses on the
C8 isomer, although it can be noted that similar, but less accurately quantifiable, results
were observed for the C6 isomer.

Figure 7.10 shows that, in the absence of metal ions, the pigment precursor (+)-MHF-8catechin, accumulated until day 46 and then degraded (samples 82A and 82AS, left
hand side, Figure 7.10), while all the other samples containing metal ions displayed
maximum formation at day 28 only (right hand side, Figure 7.10). In the absence of
metal ions, sulfur dioxide exhibited an enhanced protective effect towards (+)-MHF-8catechin, as the pigment precursor kept accumulating until day 46 (82AS, left hand side,
Figure 7.10), while the equivalent sample without sulfur dioxide (82A, left hand side,
Figure 7.10) exhibited a significantly (p = 0.05) lower concentration from day 28,
suggesting the isomer was more prone to subsequent degradation in the absence of
sulfur dioxide (Figure 7.10). In fact, sulfur dioxide reached depletion by day 46 in the
82AS sample, and from this time, the (+)-MHF-8-catechin isomer degraded very
quickly. This is similar to the reported degradation of the isomers when ascorbic acid
was near depletion (Chapter V, Section V.II.1), and supports the occurrence of an
oxidation step for the conversion of the isomers into the xanthylium cations.

In the presence of metal ions, the accumulation of the (+)-MHF-8-catechin isomer only
occurred until day 28 regardless of the presence of sulfur dioxide and initial ascorbic
acid concentration (right hand side, Figure 7.10). On the other hand, although all
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samples with metal ions showed increased maximum concentrations of the isomer in the
presence of sulfur dioxide, this was only substantial for the sample with an initial 2:1
mole ratio of sulfur dioxide to ascorbic acid (i.e., 41AM versus 41AMS, right hand side,
Figure 7.10).

Figure 7.10: Production of the pigment precursor (+)-MHF-8-catechin at 20 °C and
impact of metal ions, sulfur dioxide and ascorbic acid concentration. Measurements
performed by UPLC-DAD. Sample’s names as per Table 7.1. Error bars indicate the
95% (p = 0.05) confidence limits (n = 3).

Therefore, this demonstrates that the binding of sulfur dioxide to L-xylosone, precursor
of the (+)-MHF-catechin isomers, is not sufficiently strong to completely prevent the
reaction of L-xylosone with (+)-catechin. Burroughs and Sparks (1973) reported a
dissociation constant of 1.4

10-4 M-1 at pH 3.0-4.0 and 20 °C for the sulfur dioxide

addition product of L-xylosone. This indicates that L-xylosone is about 100 to 10,000
times weaker as a binder of hydrogen sulfite than acetaldehyde (Burroughs & Sparks,
1973) and glyoxylic acid (Olson & Hoffmann, 1988), respectively. Consequently sulfur
dioxide is more likely to impact as an antioxidant in protecting the decay of the (+)266
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MHF-8-catechin isomer, but this effect was only evident in the absence of metal ions or
at high initial sulfur dioxide to ascorbic acid mole ratio, i.e., 2:1 (82AS and 41AMS,
respectively, Figure 7.10). That is, conditions that favour the retention of sulfur dioxide
in the model wine system for extended periods are required for its protective effect to
occur towards (+)-MHF-8-catechin.

Increasing the ascorbic acid concentration increased the production of the (+)-MHF-8catechin isomer irrespective of whether sulfur dioxide was present in the samples or not
(right hand side, Figure 7.10). Alternatively, as the ascorbic acid concentration is
increased, so is the production of hydrogen peroxide, which in turn increases sulfur
dioxide consumption to scavenge the ‘excess’ hydrogen peroxide. As a result, sulfur
dioxide is less available to protect (+)-catechin and/or the isomers, which is consistent
with the reduced sulfur dioxide protective effect as the concentration of ascorbic acid is
raised (right hand side, Figure 7.10).

In the present experiment, the decay of (+)-MHF-8-catechin (Figure 7.10) in the
samples with metal ions occurred well after the depletion of ascorbic acid (i.e., days 1-3
in Figure 7.8), which is in contrast with the rapid decay of the isomers observed as soon
as ascorbic acid was depleted in Chapter V (Figure 5.2). It is likely that the storage
temperature (i.e., 20 C in this chapter versus 45 C in Chapter V) affects the rate of
degradation of these compounds. Additionally, only 1.5 mg/L iron(II) was present in the
experiments described in Chapter V, compared to 5 mg/L iron(II) and 0.2 mg/L
copper(II) employed in this Chapter. While iron(II) catalyses the reduction of hydrogen
peroxide via Fenton reaction (Fenton, 1894), copper is known to particularly enhance
the degradation of ascorbic acid (Taqui Khan & Martell, 1967; Buettner & Jurkiewicz,
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1996) as well as mediating the formation of xanthylium cations from (+)-catechin and
glyoxylic acid (Clark & Scollary, 2002; Clark, Prenzler & Scollary, 2003). Therefore
the additional presence of copper(II) in the model system potentially impacts on the
observations made between the two experiments. In fact, in the absence of metal ions,
the concurrence of ascorbic acid depletion and degradation of the isomers was more
obvious. While the samples were depleted in ascorbic acid after day 12 without sulfur
dioxide (82A, Figure 7.8) and day 46 with added sulfur dioxide (82AS, Figure 7.8), the
isomer production slowed after 28 days and degraded from day 46, respectively
(samples 82A and 82AS, Figure 7.10).

VII.II.6. Pigment formation

(+)-MHF-8-catechin and its C6-linked isomer were identified as precursors of the
‘glyoxylic acid-derived’ xanthylium cations (Chapter V), which were also the main
pigments observed in the model wine systems used in this current chapter. Figure 7.11
shows that only the samples containing metal ions exhibited formation of the
xanthylium cation pigments. This is consistent with the fact that in the absence of metal
ions, (+)-MHF-8-catechin kept accumulating for a longer period, i.e., until day 46
(Figure 7.10). In addition, while the 82AS sample reached the same (+)-MHF-8catechin concentration as the 82AM and 82AMS samples by day 46 (Figure 7.10), it did
not produce any pigments as opposed to the metal ion-containing samples (Figure 7.11).
Therefore, metal ions increased the conversion of the precursor isomers into the
xanthylium cation pigments, which is in agreement with the known catalytic effect of
metal ions on the formation of glyoxylic acid-derived xanthylium cation from (+)-
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catechin and glyoxylic acid (Oszmianski, Cheynier & Moutounet, 1996; Fulcrand,
Cheynier, Oszmianski & Moutounet, 1997; Clark & Scollary, 2002; Clark et al., 2003).

Figure 7.11: Production of xanthylium cation pigments at 20 °C and impact of metal
ions, sulfur dioxide and ascorbic acid concentration. Measurements performed by
UPLC-DAD. Sample names as per Table 7.1. Error bars indicate the 95% (p = 0.05)
confidence limits (n = 3).

The impact of the ascorbic acid concentration on the xanthylium cation production, in
the presence of metal ions, is highlighted in Figure 7.11, right hand side. Although the
L-xylosone-derived (+)-catechin isomers are precursors to the xanthylium cation
pigments, these pigments can also be generated via an alternate pathway involving the
oxidative decay of tartaric acid (Fulcrand et al., 1997) (Section I.I.2.2, Chapter I).
Therefore, direct links between the concentrations of the precursor isomers and
xanthylium cation production are complicated by the parallel mechanisms for
production of these pigments. Some general trends can however be described. Most
pigment production occurred at 41 mg/L ascorbic acid in the absence of sulfur dioxide
(sample 41AM, right hand side, Figure 7.11), which is consistent with the lowest
accumulation of the (+)-MHF-8-catechin precursor in this sample (Figure 7.10), and
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suggests a rapid conversion of the isomer into the xanthylium cations. Pigment
production then decreased with increasing ascorbic acid concentration, apart from the
41 mg/L ascorbic acid sample with added sulfur dioxide (sample 41AMS, right hand
side, Figure 7.11), which is discussed below. As ascorbic acid was depleted by day 3 in
all samples containing metal ions (Figure 7.8) and that pigment production did not start
before day 12 in these samples (Figure 7.11), it seems that at 20 °C, a certain period of
time is required for conversion of the precursor isomer into oxidative products including
the xanthylium cation pigments.

The presence of sulfur dioxide did not significantly (p = 0.05) affect the samples with
high (165 mg/L) and medium (82 mg/L) ascorbic acid but had a large impact on the
samples with 41 mg/L ascorbic acid (i.e., initial sulfur dioxide to ascorbic acid mole
ratio of 2:1). The sample with low ascorbic acid and sulfur dioxide exhibited half the
xanthylium cation concentration as the equivalent sample without sulfur dioxide by the
end of the experiments (Figure 7.11). This was most likely a consequence of sulfur
dioxide (present until day 46) both preventing the decay in (+)-catechin in this sample
(Figure 7.9) and slowing the conversion of (+)-MHF-8-catechin to xanthylium cations
(Figure 7.10). The mechanism behind this latter conversion is not certain, but there is
evidence to suggest that it requires an oxidation step (Chapter V) that sulfur dioxide
could potentially impede at a 2:1 initial mole ratio.

In addition, the 41AMS sample, which had the latest onset of production and the lowest
concentration of xanthylium cations generated until day 46 (depletion of sulfur dioxide),
exceeded that of the high ascorbic acid samples (165AM and 165AMS, Figure 7.11),
which initially had more (+)-MHF-8-catechin primed for conversion to xanthylium
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cations. After day 46, when sulfur dioxide was depleted, the 41AMS samples had
significantly (p = 0.05) more pigment produced than the samples containing four times
its initial ascorbic acid concentration, regardless of sulfur dioxide (samples 165AM and
165AMS, right hand side, Figure 7.11). This delay in conversion and subsequent
accumulation of the isomer due to a protective effect from sulfur dioxide seemed to
trigger ‘bulk’ conversion of the isomer into the xanthylium pigments. Consequently,
given sufficient time, it appears that an initial sulfur dioxide to ascorbic acid mole ratio
of 2:1 leads to more pigments than a lower sulfur dioxide proportion, i.e., 1:2 (165AMS,
right hand side, Figure 7.11), when metal ions are present.

VII.II.7. Colour development

The relationship between colour development and the production of the xanthylium
cations, the main pigments formed in this experiment, was determined by performing
spectrophotometric and CIELab measurements over the reaction period. Although
pigment development is usually correlated with absorbance at 440 nm (yellow colour)
(George, Clark, Prenzler & Scollary, 2006), CIELab analyses allow a three-dimensional
representation of colour as described by clarity (+L*), or intensity (-L*), and blue (-b*),
yellow (+b*), green (-a*), and red (+a*) colours (Commission Internationale de
l'Eclairage, 2004). In complex systems, it appears that colouration expressed by the
CIELab parameters often gives a more accurate descriptive representation than using a
single absorbance wavelength that only describes one colour. The tendency of
components to increase specific colouration can therefore be determined (Clark,
Pedretti, Prenzler & Scollary, 2008).
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The evolution of the absorbance at 440 nm, representative of the yellow colour (Figure
7.12), provided similar curves to those obtained for the production of the xanthylium
cations (Figure 7.11). While the samples without metal ions did not show any
colouration (82A and 82AS, left hand side, Figure 7.12), the same rank order was
observed for the different concentrations of ascorbic acid (right hand side, Figure 7.12).
The sample with low ascorbic acid and no sulfur dioxide (41AM, Figure 7.12) exhibited
the highest absorbance at day 66, followed by the medium ascorbic acid samples,
regardless of sulfur dioxide (82AM and 82AMS, Figure 7.12) and the high ascorbic acid
samples (165AM and 165AMS, Figure 7.12). As observed with the xanthylium cation
production, the low ascorbic acid sample containing sulfur dioxide (41AMS, Figure
7.12) exhibited the lowest absorbance until day 46 and then showed increased
colouration rate once sulfur dioxide was depleted at day 46. This is consistent with
previous reports that showed a delay in colouration in the presence of sulfur dioxide
followed by enhanced rates of colouration once sulfur dioxide was depleted (Peng et al.,
1998; Bradshaw et al., 2004).

Figure 7.12: Absorbance at 440 nm and impact of metal ions, sulfur dioxide and
ascorbic acid concentration at 20 °C. Sample names as per Table 7.1. Error bars indicate
the 95% (p = 0.05) confidence limits (n = 9).
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82AMS
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41AM
82AMS
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165AM
165AMS
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+b*
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165AM
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Figure 7.13: CIELab® analysis of the samples at day 66. L* represents the intensity of
colouration, the b* axis represents colouration from blue (-) to yellow (+) and the a*
axis, colouration from green (-) to red (+). Each data point represents the median value
of the three replicates. Significant differences between data (p = 0.05) are discussed in
the text. Sample names as per Table 7.1.

As expected, the intensity of the samples (i.e., -L*) and measure of yellow colouration
(i.e., +b*), observed on the CIELab® results shown at day 66 (Figure 7.13), provided the
same rank order as that of the absorbance at 440 nm and the xanthylium cation
production (Figures 7.11 and 7.12). All samples containing metal ions exhibited a
significant (p = 0.05) shift towards both yellow colouration (+b*, Figure 7.13) and
green colouration (-a*, Figure 7.13), although the shift towards yellow was ten times
higher in CIELab® units than the shift to green. This is in agreement with the production
of xanthylium cations as main pigments in the samples, as yellow colour can be
attributed to their formation (Es-Safi, Le Guernevé, Fulcrand, Cheynier & Moutounet,
2000; Clark & Scollary, 2002). Less certain is the shift towards green. However, certain
metal ion complexes, such as those with phenolic compounds, are known to absorb in
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the ‘blue/green’ region of the visible spectrum (Brune, Hallberg & Skånberg, 1991;
Cheng & Crisosto, 1997), but further work is required to assess if such a process is
contributing to the ‘green’ shifts observed in Figure 7.13. The impact of sulfur dioxide
was only significant (p = 0.05) on CIELab® data (i.e., L*,b* and/or a*) at day 66 for the
samples with 41 mg/L ascorbic acid, whereby there was a shift to more intense yellow,
green and overall intensity without sulfur dioxide. Such results are in general agreement
with the observed absorbances at 440 nm (Figure 7.12).

VII.II.8. Ascorbic acid degradation products

Chapter VI demonstrated the formation of 3-hydroxy-2-pyrone and 2-furoic acid from
the oxidative ascorbic acid degradation in wine-like conditions, while furfural was
produced via a non-oxidative pathway. The results in Figures 7.14 and 7.15 show
formation of 3-hydroxy-2-pyrone and 2-furoic acid in all samples. However, furfural
was not detected in any of the samples.

The presence of metal ions significantly (p = 0.05) increased the production of 2-furoic
acid and 3-hydroxy-2-pyrone (left hand side, Figures 7.14 and 7.15) as expected by the
increased ascorbic acid oxidation rate in the presence of metal ions (Figure 7.8). The
effect of metal ions on the formation of 3-hydroxy-2-pyrone and 2-furoic acid has been
studied in orange juice model systems, via the addition of metal chelators, i.e., citric
acid or diethylenetriamine-N,N,N,N,N-pentaacetic acid (DTPA) (Shinoda, Komura,
Homma & Murata, 2005). The authors found that the production of 3-hydroxy-2-pyrone
and 2-furoic acid was repressed in the presence of citric acid and DTPA (Shinoda et al.,
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2005), suggesting that metal ions catalyse the oxidative degradation of ascorbic acid and
subsequent production of 3-hydroxy-2-pyrone and 2-furoic acid. These observations are
consistent with the results shown in Figures 7.14 and 7.15.

Figure 7.14: Production of 2-furoic acid at 20 °C and impact of metal ions, sulfur
dioxide and ascorbic acid concentration. Measurements performed by HPLC-DAD.
Sample names as per Table 7.1. Error bars indicate the 95% (p = 0.05) confidence limits
(n = 3).

Figure 7.15: Production of 3-hydroxy-2-pyrone at 20 °C and impact of metal ions,
sulfur dioxide and ascorbic acid concentration. Measurements performed by HPLCDAD. Sample names as per Table 7.1. Error bars indicate the 95% (p = 0.05)
confidence limits (n = 3).
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Increasing the ascorbic acid concentration enhanced the formation of both compounds,
i.e., doubling the initial concentration of ascorbic acid doubled the amount of both 2furoic acid and 3-hydroxy-pyrone, regardless of sulfur dioxide (right hand side, Figures
7.14 and 7.15). However, although ascorbic acid was degraded in all samples by day 3
in the presence of metal ions, 2-furoic acid and 3-hydroxy-2-pyrone kept increasing in
concentration well after ascorbic acid was depleted, i.e., until day 66 (Figures 7.14 and
7.15). In comparison with the results obtained in a similar experiment at 45 °C (Chapter
VI) where the formation of both compounds was repressed after depletion of ascorbic
acid, these results suggest that at room temperature (20 °C used in this chapter), the
progression of dehydroascorbic acid to 2-furoic acid and 3-hydroxy-2-pyrone is quite
slow, regardless of the presence of metal ions and sulfur dioxide. In addition, 3hydroxy-2-pyrone and 2-furoic acid have been reported as volatile compounds (Tatum,
Shaw & Berry, 1969; Velíšek, Davídek, Kubelka, Zelinková & Pokorný, 1976), which
could explained why they kept accumulating at 20 °C (in this Chapter) and not at 45 °C
(Chapter VI).

Sulfur dioxide did not show a significant (p = 0.05) impact on the production of either
compound, except for the samples without metal ions (samples 82A and 82AS, left hand
side, Figures 7.14 and 7.15). In this case, both 2-furoic acid and 3-hydroxy-2-pyrone
were formed in significantly (p = 0.05) lower amounts when sulfur dioxide was present,
suggesting sulfur dioxide slowed their formation. This is consistent with the protective
effect sulfur dioxide has on ascorbic acid, by considerably slowing its degradation rate
(sample 82AS, Figure 7.8). Furthermore, sulfur dioxide has also been reported to offer
L-xylosone further stability (Whiting & Coggins, 1960), which could thereby slow the
production of its degradation products (i.e., 2-furoic acid and 3-hydroxy-2-pyrone,
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Chapter VI). The 82AS samples also exhibited enhanced production of the L-xylosonederived (+)-catechin isomers (Figure 7.10), compared to the 82A sample, possibly due
to sulfur dioxide promoting increased residual L-xylosone for reaction with (+)catechin. As both 2-furoic acid and 3-hydroxy-2-pyrone emanate from L-xylosone, such
increased consumption of L-xylosone to form the (+)-catechin isomers (sample 82AS,
left hand side, Figure 7.10) could potentially lower the production of 2-furoic acid and
3-hydroxy-2-pyrone (sample 82AS, left hand side, Figures 7.14 and 7.15).

In the presence of metal ions, no significant (p = 0.05) differences were observed for the
concentrations of 2-furoic acid and 3-hydroxy-2-pyrone in the 41AMS and 41AM
samples (right hand side, Figures 7.14 and 7.15). This is in contrast to the differences
discussed above between these same samples for the production of the L-xylosonederived (+)-catechin isomer (i.e., increasing concentration with sulfur dioxide, Figure
7.10) and xanthylium cation pigments (i.e., decreasing concentration with sulfur
dioxide, right hand side, Figure 7.11). Therefore, it seems that the efficiency by which
sulfur dioxide can impact ascorbic acid degradation products is linked to the rate at
which ascorbic acid degrades (i.e., less sulfur dioxide protection at high ascorbic acid
degradation rates).
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VII.III. CHAPTER SUMMARY

In summary, it appears that ascorbic acid requires sufficient metal ions in order to
scavenge oxygen effectively. Without metal ions added, competing side reactions occur
that result in a higher consumption mole ratio of sulfur dioxide to ascorbic acid. This
result places the metal ion content in wine in a new light and may mean that speciation
of metal ions in wine may provide insights into the efficiency of ascorbic acid as an
oxygen scavenger in a particular wine. If a wine has appreciable levels of metal ions
such as copper or iron but they are predominantly tightly bound in complexes, they may
not assist ascorbic acid in its scavenging of oxygen. Alternatively, too much metal can
result in other problems including spoilage haze formation. Furthermore, if ascorbic
acid consumes oxygen at a sufficiently high rate then the hydrogen peroxide produced
may not be efficiently scavenged by sulfur dioxide. Such a situation may be more
relevant to wine at bottling where dissolved and head-space oxygen can become high.
Further studies need to be conducted to assess the levels and speciation of metal ions in
wine that would provide the necessary efficiency of ascorbic acid to scavenge molecular
oxygen.

Although it had previously been assumed that sulfur dioxide was significantly bound to
ascorbic acid degradation products, this experiment demonstrated that dehydroascorbic
acid, and its subsequent degradation products, are not significant binders of sulfur
dioxide. This was observed from the consumption mole ratios of ‘free’ and ‘total’ sulfur
dioxide to ascorbic acid. Following on from the oxygen to ascorbic acid stoichiometry
shown in Figure 7.1, and the sulfur dioxide to ascorbic acid consumption mole ratios
shown in Table 7.2, the mole ratio of consumed ‘free’ sulfur dioxide to oxygen in the
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presence of ascorbic acid and metal ions was found between 1:1 and 1.7:1, while in the
absence of ascorbic acid it has been shown to be 2:1 (Danilewicz et al., 2008). This
lower consumption mole ratio in the presence of ascorbic acid has critical implications
for increasing the shelf life of white wine.

Sulfur dioxide did appear to enhance the reaction products between (+)-catechin and Lxylosone, a degradation product of dehydroascorbic acid, but this was only extensive
without added metal ions or alternatively, in samples with added metal ions and high
mole ratio of sulfur dioxide to ascorbic acid. In this case, sulfur dioxide appeared to be
protecting the isomers from further reactions. In this model wine system with excessive
oxygen present, the longer ascorbic acid or free sulfur dioxide remained in the model,
the longer it took for the flavan-3-ol/ascorbic acid pigment precursor to convert to the
yellow coloured product. However, further work is required to establish whether sulfur
dioxide could also prevent conversion of this pigment precursor in bottled wine over a
time-frame measured in years.

It must be noted that studies conducted here have been performed in a much larger
excess of oxygen than would normally be encountered by a wine bottled under either
cork or ROTE screw cap. However, the conditions used here have allowed the
determination of the consumption mole ratios of sulfur dioxide to ascorbic acid, the
impact of metal ions and ascorbic acid concentration on these mole ratios, and also the
impact of sulfur dioxide on the degradation chemistry of ascorbic acid and pigment
production. That is, the basic mechanistic processes have been evaluated for the first
time and further work is now required to assess how these various mechanisms operate
at lower and varying oxygen concentrations in commercial situations.
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CHAPTER VIII
CONCLUSION AND FUTURE WORK

This thesis has examined in detail the chemistry of ascorbic acid in model wine systems.
For the most part of the experiments, near oxygen-saturation conditions were used and
while this condition is extreme with respect to bottled wine, the results of the research
have provided a strong basis for clarifying the antioxidant and pro-oxidant effect of
ascorbic acid.

The main chemical outcomes of this thesis are listed below:
• The degradation conditions such as the composition of the model wine system,
degradation temperature, i.e. below 50 °C, and initial concentration of the ascorbic acid
starting reagent only influence the formation and/or degradation kinetics of the
degradation products and not the range of the compounds formed;
• 3-Hydroxy-2-pyrone and 2-furoic acid were identified as the main aerobic degradation
products from ascorbic acid while furfural was identified as a non-oxidative degradation
product;
• Ascorbic acid enhances the extent of xanthylium cation pigment production, but does
so only after it is completely oxidised;
• The ascorbic acid degradation process produces an aldehyde that is capable of
bridging flavan-3-ol compounds that leads to formation of the glyoxylic acid-derived
xanthylium cation pigments;
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• The xanthylium cation pigment production occurs in both tartaric acid-based and
formic acid-based model systems confirming that it is ascorbic acid that promotes the
enhanced colour development;
• The results from the tartaric acid-based and formic acid-based model systems also
confirm that hydrogen peroxide production from the oxidation of ascorbic acid is not
sufficient to account for the enhanced colour development. Rather, a compound derived
from ascorbic acid itself is critical to pigment production;
• L-Xylosone, an aldehyde formed as one of the degradation products of ascorbic acid,
was shown to react with (+)-catechin to form two furan ring-based addition isomers,
identified as (+)-1”-methylene-6”-hydroxy-2H-furan-5”-one-6-catechin and (+)-1”methylene-6”-hydroxy-2H-furan-5”-one-8-catechin. The two isomers of these new
compounds are the first reported products to form between a carbon-based degradation
product of ascorbic acid and (+)-catechin;
• The formation of these new compounds confirms that (+)-catechin is not being directly
oxidised in the presence of ascorbic acid but rather is forming an addition product with
a degradation product of ascorbic acid. These results highlight the multifaceted role that
ascorbic acid may have in wine or other food systems. While on the one hand, ascorbic
acid undoubtedly acts as an antioxidant, on the other, breakdown products of ascorbic
acid are capable of further reactions;
• A mechanistic link between the formation of the new compounds and glyoxylic acidderived xanthylium pigment production has been established. The reactivity of ascorbic
acid is far more complex than the commonly described oxidation involving the simple
transfer of two electrons and two protons. This demonstrates that ascorbic acid is a
highly unpredictable molecule capable of inducing a variety of reaction processes;
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• The degradation of ascorbic acid in the presence of sulfur dioxide is highly complex
and depends on several factors including the mole ratio of sulfur dioxide to ascorbic
acid and the activity of metal ions that are present in the reaction medium;
• Based on the consumption mole ratios of consumed sulfur dioxide to oxidised ascorbic
acid, it was found that dehydroascorbic acid, and its subsequent degradation products,
are not significant binders of free sulfur dioxide. This result implies that the amount of
free sulfur dioxide consumed per oxygen consumed is lower in the presence of ascorbic
acid, confirming the anecdotal evidence for the synergistic relationship in the sulfur
dioxide/ascorbic acid antioxidant system;
• Sulfur dioxide significantly inhibited the production of pigmented phenolic
compounds provided that the sulfur dioxide to ascorbic acid ratio was high (i.e. 2:1).
This result suggests a way forward to ensure that pigmentation development in white
wine can be minimised;
• At low metal concentrations, ascorbic acid was proposed to be significantly less
efficient at scavenging oxygen, based on higher consumed sulfur dioxide to oxidised
ascorbic acid mole ratios. This suggests the occurrence of competing oxygenconsuming mechanisms in the absence of metal ions.

In summary, this project has identified conditions for which ascorbic acid can act as an
antioxidant and the basis for the crossover from antioxidant to pro-oxidant. The
contribution of a degradation product of ascorbic acid to the enhancement of oxidative
pigmentation, rather than hydrogen peroxide, has been confirmed. This result is
significant as it requires a review of the basic textbook chemistry of some of the
oxidative processes in white wine. The synergistic relationship between sulfur dioxide
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and ascorbic acid has also been confirmed, provided the amount of sulfur dioxide is at
least double that of the ascorbic acid. The relationship between the oxygen scavenging
capacity of ascorbic acid and concentration of metal ions, such as iron(II) and
copper(II), has been demonstrated for the first time.

The experiments carried out in this thesis were performed under near oxygen-saturation,
which is quite remote from bottled wine conditions. In addition, Chapter VI highlighted
the difficulty of excluding oxygen from the reaction medium, but also underlined the
necessity for accurate oxygen monitoring. Therefore, further experiments should be
performed under reduced oxygen or complete anaerobic conditions, supported with
precise oxygen concentration measurements.

Further, while the degradation temperature utilised in this thesis, i.e., 45 °C, was found
to have no impact on the range of ascorbic acid degradation products (Chapter III), it
did affect the kinetics of formation and/or degradation of ascorbic acid (Chapter III) and
its degradation products (Chapters VI and VII). Wine can be exposed to a range of
temperatures during its time in bottle from low temperatures in cellar storage to elevated
temperatures during transport and warehouse storage. Exposure to fluctuating
temperature as well as light can occur in wine outlets. Replication of some of the
experiments carried out in this thesis over a range of temperatures, especially under
different oxygen regimes, would provide additional insight into the degradation
processes.

It is apparent from the HPLC chromatograms of the ascorbic acid degradation solutions
that some degradation products remain unidentified. Further optimisation of the HPLC-
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NMR spectroscopy or other techniques, such as HPLC-MS analyses using derivatising
agents could provide additional insights into the identification of the ascorbic acid
degradation compounds.

Finally, now that the basic chemistry of ascorbic acid and sulfur dioxide has been
examined in detail using model wine systems, it seems reasonable to translate this
knowledge to real wine, as well as applying accurate monitoring of oxygen
concentrations and lower reaction temperatures. Monitoring of the compounds
identified in this thesis, including pigment precursors, pigments and ascorbic acid
degradation products, needs to be performed. The speciation of copper and iron ions in
the white wine matrix, particularly assessing the ‘chemically reactive form’ would make
a further substantial contribution to the factors that impinge of the reactivity of ascorbic
acid as an antioxidant.
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