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Abstract 1 

 2 

Dihydroxybenzaldehyde was generated from the iron-mediated oxidation of caffeic 3 

acid in a model white wine containing the non-flavonoid caffeic acid.  Higher 4 

concentrations of this aldehyde were obtained with increased iron concentration.  5 

The reaction of dihydroxybenzaldehyde with (+)-catechin, a flavanol compound, 6 

resulted in the production of both colourless and yellow/red coloured compounds.  7 

Based on LC-MS studies, the colourless compounds were identified as isomeric 8 

forms of 3,4-dihydroxybenzenemethine-bridged (+)-catechin dimers.  The coloured 9 

compounds were found to be a result of dihydroxybenzaldehyde reacting with either 10 

one or two (+)-catechin units.  Compared to the reaction between (+)-catechin and 11 

glyoxylic acid, the reaction of dihydroxybenzaldehyde with (+)-catechin had a 12 

considerably slower rate of (+)-catechin degradation and also less colour formation.  13 

These results suggest that dihydroxybenzaldehyde has the ability to form coloured 14 

compounds in a reaction mechanism that is relevant to the enhanced colour 15 

development apparent during the oxidation of white or red wine. 16 

 17 

Abbreviations and definitions 18 

LC-DAD  High performance liquid chromatography with photodiode array detector; 19 

LC-MS  Liquid chromatography with mass spectrometry; UV Ultraviolet; VIS 20 

Visible. 21 

 22 

Keywords: white wine, aldehyde, caffeic acid, dihydroxybenzaldehyde, oxidation, 23 

iron, browning, catechin 24 

25 
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Introduction 26 

 27 

The oxidative colouration of white wine is known to involve the phenolic 28 

compounds within the wine, specifically the flavanol compounds (Simpson, 1982; 29 

Sioumis, Kallithraka, Markris & Kefalas, 2006).  Although the non-flavonoid content 30 

of white wine has not been linked to increases in the yellow (420 nm) absorbances 31 

during the oxidation of white wine (Simpson, 1982; Sioumis et al., 2006), it has been 32 

recently been shown that the oxidative colouration of white wine is more consistent 33 

with increases at both yellow (420 nm) and red (500 nm) wavelengths 34 

(Skouroumounis et al., 2005).  Furthermore, it has been demonstrated that caffeic 35 

acid, a non-flavonoid hydroxycinnamic acid, can promote increased red colouration 36 

during the oxidation of a model system that contained both iron and a flavanol 37 

(George, Clark, Prenzler & Scollary, 2006).  These results suggest that some 38 

oxidation product of the caffeic acid may be a precursor to polymerisation reactions 39 

of flavanols. 40 

 41 

The oxidation of caffeic acid (1), and its esterified form, has been examined by 42 

various enzymatic (Singleton, Salgues, Zaya & Trousdale, 1985; Cheynier & Ricardo 43 

Da Silva, 1991; Cheynier & Moutounet, 1992) and non-enzymatic processes.  The 44 

non-enzmatic processes have included oxidation induced by periodate, nitrite, Fenton 45 

chemistry, electrochemistry and also autoxidation (Cilliers & Singleton, 1989; 46 

Fulcrand, Cheminat, Brouillard & Cheynier, 1994; Tazaki, Taguchi, Hayashida & 47 

Nabeta, 2001; Napolitano & d'Ischia, 2002; Deiana, Pilo, Premoli, Senette, Solinas & 48 

Gessa, 2003; Antolovich, Bedgood, Bishop, Jardine, Prenzler & Robards, 2004), the 49 
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majority of which were performed under conditions not particularly relevant to wine 50 

systems. 51 

 52 

Enzymatic oxidation of caffeic acid in grape juice and wine is normally more 53 

relevant after the crushing of grapes and before the fermentation of the must.  54 

Cheynier et al. (1988, 1989, 1991, 1992) have reported extensive kinetic and 55 

spectroscopic studies on the enzymatic oxidation of caffeic acid, and its predominant 56 

ester, caftaric acid, in grape-juice model systems, with the presence and absence of 57 

flavanol, tannins and/or protein.  The studies were generally conducted at a pH 58 

relevant to juice and wine, typically pH 3.6.  The enzymatic oxidations primarily 59 

result in the oxidation of the hydroxycinnamic acids into their corresponding ortho-60 

quinone (2) followed by non-enzymatic reactions of the ortho-quinone, a reactive 61 

oxidising agent and electrophile.  The hydroxycinnamic acid-derived ortho-quinone 62 

can oxidise flavanols, such as (+)-catechin or procyanidins (Cheynier, Basire & 63 

Rigaud, 1989; Cheynier & Ricardo Da Silva, 1991), to their subsequent ortho-64 

quinones that can then undergo further reactions with flavanols to generate polymeric 65 

phenolic compounds (Guyot, Vercauteren & Cheynier, 1996).  Another well studied 66 

reaction of the hydroxycinnamic acid-derived ortho-quinone is its addition reaction 67 

with glutathionone (Cheynier & Van Hulst, 1988) to generate a colourless species 68 

known as the grape reaction product (GRP), identified at appreciable concentrations 69 

in white wine (Singleton et al., 1985).  Brown pigments were reported during the 70 

enzymatic oxidation of caffeic acid in a model wine but the pigments were not 71 

identified (Cheynier & Moutounet, 1992).  It is often suggested that the brown 72 

pigments may have been due to the oxidative polymerisation reactions induced by 73 
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the ortho-quinone oxidation product (Singleton, 1987; Cheynier & Moutounet, 74 

1992). 75 

 76 

The main wine-related non-enzymatic studies on caffeic acid were performed by 77 

Cilliers et al. (1989, 1991), although no ethanol was present in any of the caffeic acid 78 

samples.  Initial autoxidation studies were performed in the pH range of 4.0 to 8.0, 79 

under oxygen gas and over the temperature range 5 to 35 °C (Cilliers & Singleton, 80 

1989).  It was suggested by Cillers and Singelton (1989) that the major caffeic acid 81 

oxidation products were formed at all pH values while the relative concentrations of 82 

the oxidation products were different.  However, later work showed additional 83 

products when the oxidation of caffeic acid was performed at higher initial 84 

concentrations of caffeic acid as well as at pH 8.5 (Cilliers & Singleton, 1991).  85 

Unlike enzymatic oxidation, it was suggested that an initial oxidation product of 86 

caffeic acid was a semi-quinone radical (3) that led to further polymerisation or 87 

degradation reactions.  Some of the main products identified were dimers (4) and 88 

trimers of caffeic acid (Cilliers & Singleton, 1991) and similar polymers have been 89 

identified from the oxidation of caffeic acid by periodate (Fulcrand et al., 1994; 90 

Tazaki et al., 2001).  Increases in brown products were observed during the 91 

autoxidation of caffeic acid, over the pH range of 4.0 to 8.0, but no pigmented 92 

products were identified (Cilliers & Singleton, 1989, 1991). 93 

 94 

The production of caffeic acid dimers and dihydroxybenzaldehyde (5) from caffeic 95 

acid during its oxidation with hydrogen peroxide and iron, that is, via Fenton 96 

chemistry, has been reported (Antolovich et al., 2004).  Although this study was not 97 

performed in wine-like conditions, wine flavanols are sufficiently nucleophilic to 98 
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react with aldehydes in the acidic conditions of wine (Timberlake & Bridle, 1976; 99 

Fulcrand, Cheynier, Oszmianski & Moutounet, 1997; Laurie & Waterhouse, 2006) 100 

and polymerised phenolic pigments have been generated from such reactions (Es-101 

Safi, Guernevé, Labarbe, Fulcrand, Cheynier & Moutounet, 1999b).  Therefore, 102 

dihydroxybenzaldehyde is a potential precursor to polymerisation reactions in wine.  103 

The mode of non-enzymatic oxidation of caffeic acid was found to be critical for the 104 

production of dihydroxybenzaldehyde in the study by Antolovich et al. (2004).   For 105 

example, dihydroxybenzaldehyde was not detected from the oxidation of caffeic acid 106 

by periodatic oxidation but was detected with when the oxidation was performed 107 

with Fenton reagents.   108 

 109 

As white wine phenolic compounds, such as caffeic acid, are some of the most easily 110 

oxidisable species in white wine (Singleton, 1987), the oxidative production of 111 

dihydroxybenzaldehyde may be an important contributor to the polymerisation 112 

and/or pigmentation of white wine phenolic compounds.  This study was conducted 113 

to assess the production of dihydroxybenzaldehyde from caffeic acid and iron in 114 

wine-like conditions and then to assess the reaction of this compound with (+)-115 

catechin.  The impact of such reactions on the colour of the model wine system was 116 

also to be examined. 117 

 118 

Materials and methods 119 

 120 

Reagents and apparatus 121 

All glassware and plastic ware were soaked for at least 16 hours in 10 % nitric acid 122 

(BDH, AnalaR) and then rinsed with copious amounts of Grade 1 water (ISO 3696).  123 
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Solutions and dilutions were prepared using Grade 1 water.  Potassium hydrogen 124 

tartrate (> 99 %) and L(+)-tartaric acid (> 99.5 %) were obtained from Sigma.  (+)-125 

Catechin monohydrate (Sigma, 98 %), caffeic acid (Sigma, 99 %), glyoxylic acid 126 

monohydrate (Aldrich, 98 %) and dihydroxybenzaldehyde (Aldrich, 97 %) were used 127 

without further purification. Iron(II) sulfate heptahydrate was obtained from AJAX. 128 

 129 

Absorbance measurements and spectra were recorded on a µQuant Universal 130 

Microplate Spectrophotometer (Biotek Instruments) with the software KC4 v3.0 131 

(Biotek Instruments).  The absorbance measurements were recorded at 440 nm and 132 

spectra recorded from 200 to 600 nm. 133 

 134 

LC-DAD experiments were conducted on a Waters 2690 Separation Module run by 135 

Millenium32 software and connected to a Waters 2996 photodiode array detector.  136 

The column used was a reverse phase Wakosil C18RS column of particle size 5µm 137 

and 250x2 mm with a guard column of the same type.  The LC-DAD analyses were 138 

carried out as described previously (Clark & Scollary, 2002). 139 

 140 

LC-MS experiments were conducted on a SpectraSYSTEM LC run by Xcalibar 141 

software with a P4000 sample pump, UV6000LP UV detector and a Finnigan AQA 142 

quadrapole MS with an electrospray source.  The same column, solvent conditions 143 

and flow rate were used as for LC-DAD experiments.  The sample injection was 20 144 

µL.  The LC-MS experiments were carried out in the positive ion mode, with an ion 145 

spray voltage of +3 kV  and orifice voltage of +10 V, and in the negative ion mode, 146 

with an ion spray voltage of –3 kV and orifice voltage of –30 V.  In experiments 147 

investigating fragmentation products, the orifice voltages were increased to +80 V 148 
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and –80 V in the positive and negative ion modes respectively.  Simultaneous 149 

wavelength detection at 278 nm and 440 nm was performed. 150 

 151 

Reactions 152 

The wine-like solution was prepared by adding 0.011 M potassium hydrogen tartrate 153 

and 0.008 M tartaric acid to aqueous ethanol (12 % v/v, 2L) and stirring overnight at 154 

room temperature. The pH of the wine-like solution was 3.2 ± 0.1.  The phenolic 155 

compounds and iron(II) were added to this solution immediately prior to the 156 

commencement of an experiment. 157 

 158 

The experiment involving the monitoring of caffeic acid oxidation products involved 159 

the preparation of 2 L of 200 mg/L (1.1 mM) caffeic acid.  This was then divided 160 

into 9 x150 mL portions in 250 mL Schott bottles with screw top lids.  Using a stock 161 

solution of 1 g/L iron(II), three of these 150 mL samples were adjusted to 1.5 mg/L 162 

iron(II), while another three samples were adjusted to 20 mg/L iron(II).  The final 3 163 

samples having 0 mg/L of added iron(II).  All the samples were held in darkness at 164 

45 °C and the sample bottles were only opened on measurement days.   165 

 166 

The reaction of (+)-catechin with dihydroxybenzaldehyde was conducted with 1420 167 

mg/L (10 mM) dihydroxybenzaldehyde and 150 mg/L (0.5 mM) (+)-catechin, a 168 

molar ratio of ~20:1.  This reaction was performed in the wine-like solution and 169 

samples were stored in darkness at 45 oC and the sample bottles were only opened on 170 

measurement days. 171 

172 
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Results and Discussion 173 

 174 

Formation of dihydroxybenzaldehyde from caffeic acid in wine-like conditions 175 

 176 

Caffeic acid was added to the wine-like solution and from this solution, three 177 

samples were prepared with 0, 1.5 and 20 mg/L iron(II).  At the end of the 178 

experiment (14 days), dihydroxybenzaldehyde was identified in the samples (Peak 1, 179 

Figure 1) by co-elution with a standard of dihydroxybenzaldehyde, an identical 180 

UV/VIS spectrum (Figure 2) to a standard of dihydroxybenzaldehyde and also 181 

analysis by LC-MS.  Peak 1 corresponded to a signal of 137 m/z in the negative ion 182 

mode.  This confirmed that dihydroxybenzaldehyde was generated from caffeic acid 183 

in wine-like conditions.  The rates of production of dihydroxybenzaldehyde in the 184 

samples were 0.41 ± 0.03, 1.75 ± 0.09 and 4.7 ± 0.5 μM/day (n=3, ± 95 % 185 

confidence limits) for the samples with 0, 1.5 and 20 mg/L iron(II) respectively, 186 

highlighting the importance of iron in the production of this aldehyde.  Intriguingly 187 

dihydroxybenzaldehyde production was observed in the absence of added iron(II), 188 

although trace amounts of adventitious metal ions present in the sample was most 189 

likely sufficient to stimulate the oxidative process (Buettner & Jurkiewicz, 1996; 190 

Clark, Prenzler & Scollary, 2007). 191 

 192 

Many other degradation products of caffeic acid were observed in the 280 nm 193 

chromatogram (Figure 1).  The majority of these degradation products eluted after 194 

dihydroxybenzaldehyde and caffeic acid on the reverse phase chromatography 195 

column, and hence were less polar than dihydroxybenzaldehyde and caffeic acid.  196 

The polymeric forms of caffeic acid were reported to elute after caffeic acid under 197 
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similar reverse phase chromatography analysis conditions (Cilliers & Singleton, 198 

1989; Antolovich et al., 2004).  The samples with added iron(II) had a fine black 199 

precipitate form during the experiment and increased amounts were generated at the 200 

higher metal ion concentration.  The ability of an oxidation product of caffeic acid to 201 

precipitate iron has been reported previously (Deiana et al., 2003). 202 

 203 

Reaction of dihydroxybenzaldehyde with (+)-catechin 204 

 205 

Given the ability of caffeic acid to generate the aldehyde, dihydroxybenzaldehyde, 206 

and the potential for the reaction between aldehydes and flavanols to generate 207 

pigments (Es-Safi et al., 1999b; Es-Safi, Cheynier & Moutounet, 2003), the reaction 208 

between dihydroxybenzaldehyde and the flavanol, (+)-catechin, was investigated.  209 

Dihydroxybenzaldehyde and (+)-catechin were reacted in the wine-like solution.  210 

During the experiment the sample colour changed from a faint yellow colour (< 0.02 211 

absorbance units at 440 nm) to an intense yellow/red colour (Figure 3A and 3B).  No 212 

colour change occurred on the reaction of caffeic acid with dihydroxybenzaldehyde 213 

(Figure 3A) confirming the importance of the flavonoid ring structure of (+)-catechin 214 

in its reaction with the aldehyde. 215 

 216 

Figure 4A shows part of the 280 nm chromatogram for the (+)-217 

catechin/dihydroxybenzaldehyde sample at the end of the experiment.  Apart from 218 

the peaks due to (+)-catechin and dihydroxybenzaldehyde (not shown; retention 219 

times less than 42 min), the peaks in Figure 4A were the most intense peaks in the 220 

280 nm chromatogram.  Peaks 5 and 6 and were due to contaminants in the standard 221 

of dihydroxybenzaldehyde, and their respective peak areas did not change throughout 222 
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the experiment.  After analysis by LC-MS, peaks 3 and 7 were found to coincide to 223 

m/z values of 701 and 699 in the mass chromatograms of the positive and negative 224 

ion modes, respectively (Table 1).  A further peak, peak 8 (Figure 4B), was identified 225 

with the same m/z values.  The m/z values for these ions correspond to the bridging 226 

of two (+)-catechin molecules by a dihydroxybenzene-methine unit (Figure 5).   227 

 228 

The extracted LC-DAD UV/VIS spectra corresponding to peaks 3 and 7 had single 229 

maxima at 280 nm and no tailing into the visible region of the spectrum, that is, 230 

similar to the spectrum for (+)-catechin.  Hence, they differed to the spectrum of 231 

dihydroxybenzalehdye (Figure 2) due to the absence of any absorbance maximum at 232 

310 nm.  This latter absorbance maxima is due to the side chain aldehyde 233 

functionality present in dihydroxybenzaldehyde and the absence of this maximum 234 

absorbance in the proposed (+)-catechin dimer is consistent with the non-existence of 235 

this aldehyde moiety in the proposed dimer. 236 

 237 

From the LC-MS analyses of other aldehyde-derived flavonoid dimers (Saucier, 238 

Guerra, Pianet, Laguerre & Glories, 1997; Pissarra, Mateus, Rivas-Gonzalo, Buelga 239 

& de Freitas, 2003; Laurie & Waterhouse, 2006), the loss of a (+)-catechin portion 240 

and/or the retro-Diels Alder degradation of the flavonoid moiety of these dimers are 241 

characteristic fragmentation patterns (Figure 6).  For example, Table 1 shows this 242 

type of fragmentation from LC-MS analysis of the carboxymethine-linked (+)-243 

catechin dimer, the dimer resulting from reaction between (+)-catechin and glyoxylic 244 

acid.  This particular dimer has the added fragmentation pathway of decarboxylation 245 

due to the acid group that it contains.  Similarly, loss of 152 atomic mass units gives 246 

fragment ions of 549 and 547 m/z in the positive and negative ion modes, 247 
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respectively, from the dihydroxybenzenemethine-linked (+)-catechin dimer.  This 248 

loss may be attributed to the retro-Diels Alder fragmentation.  Further, loss of 289 249 

atomic mass units gives fragment ions of 411 and 409 m/z in the positive and 250 

negative ion modes, respectively, due to loss of a single catechin unit from the dimer.  251 

These results allow assignments of peaks 3 and 7 to isomers of the 252 

dihydroxybenzaldehyde-linked (+)-catechin dimer.   253 

 254 

As the UV/VIS spectral and fragmentation data for peak 8 were of poor intensity, the 255 

identification of peak 8 (Figure 4B) remains tentative.  However, the formation of 256 

bridged-flavonoid dimers is expected to result in four connective-isomers, whereby 257 

the aldehyde-derived moiety connects two flavonoids at positions 8-8 (as shown in 258 

Figure 5), 6-8, 8-6 or 6-6 on the flavonoid molecules.  Related studies (Es-Safi, 259 

Fulcrand, Cheynier & Moutounet, 1999a; Es-Safi, Guernevé, Cheynier & 260 

Moutounet, 2000; Es-Safi, Guernevé, Cheynier & Moutounet, 2002) have shown that 261 

production of the 8-8 isomer is favoured and it elutes first on a reverse phase 262 

chromatography column.  The 6-8 and 8-6 connective isomers are the next most 263 

abundant isomers and also the next isomers to elute, often being unresolved from 264 

each other.  Finally, the 6-6 connective isomer is the least abundant isomer generated 265 

and it elutes with the longest retention time.  This elution pattern and abundance 266 

suggests that peak 3 (Figure 4) may be the 8-8 connective isomer, and peak 7 (Figure 267 

4) may be the 6-8 and 8-6 connective isomers. 268 

 269 

Two main groups of peaks (9 and 10 in Figure 7) were observed in the 440 nm 270 

chromatogram of the dihydroxybenzaldehyde and (+)-catechin sample at the end of 271 

the experiment.  The extracted spectra of these peaks (Figure 8) were similar to the 272 
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spectrum of the sample solution (Figure 3B) and show absorbance spectra tailing to 273 

wavelengths corresponding to red colouration (> 500 nm). 274 

 275 

When analysed by LC-MS, with minimal fragmentation conditions, the peak labelled 276 

9 (Figure 7) gave m/z signals at both 695 and 425 in the negative ion mode, and also 277 

m/z signals at both 697 and 427 in the positive ion mode.  As no adduct formation 278 

could explain the difference between these mass units, this suggested that peak 9 was 279 

most likely due to the co-elution of at least two different species.  A compound with 280 

m/z of 695 (in the negative ion mode) can be achieved by intramolecular 281 

rearrangements of the dihydroxybenzene-linked (+)-catechin dimer (699 m/z, 282 

negative ion mode), with the loss of four protons.  Similar intramolecular 283 

rearrangements have been observed for colourless (+)-catechin dimers to provide 284 

coloured compounds (Guyot et al., 1996).   The ion at 425 m/z (negative ion mode) 285 

can result from the reaction of dihydroxybenzaldehyde (140 amu) and one (+)-286 

catechin unit (290 amu) with subsequent intramolecular rearrangement and loss of 287 

four protons.  Variation of the chromatographic conditions were conducted in an 288 

attempt to resolve peak 9 into separate components, however these experiments 289 

proved unsuccessful. 290 

 291 

The second group of peaks, labelled as 10 in Figure 7, had a single m/z signal at 407 292 

in the negative ion mode, and 409 in the positive ion mode.  These data are 293 

consistent with the reaction of dihydroxybenzaldehyde with (+)-catechin in a manner 294 

similar to that reported for sinapaldehyde and (+)-catechin (de Freitas, Sousa, Silva, 295 

Santos-Buelga & Mateus, 2004), the latter system providing a brick-red (λmax = 500 296 

nm) catechin-pyrylium-derived pigment.  Figure 9 shows an example of one isomeric 297 
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form of a product that would be generated from the reaction of 298 

dihydroxybenzaldehyde and (+)-catechin in a similar manner as reported for 299 

sinapaldehyde and (+)-catechin. Although only a single fragmentation peak was 300 

detected (Table 1), generated via a retro-Diels Alder degradation, this is consistent 301 

with the mode of fragmentation observed for the sinapaldehyde-derived pigment 302 

(Sousa, Mateus, Perez-Alonso, Santos-Buelga & de Freitas, 2005). 303 

 304 

The production of the dihydroxybenzaldehyde-derived pigments (Figure 7) was 305 

relatively slow compared to the pigments generated from the reaction of (+)-catechin 306 

with glyoxylic acid.  For example, to provide a similar level of 440 nm absorbance 307 

intensity in a wine-like solutions of (+)-catechin (0.5 mM), the concentration of 308 

dihydroxybenzaldehyde (10 mM) needed to be 40-fold that of glyoxylic acid (0.25 309 

mM).  In part, this was because the main product generated from the 310 

dihyroxybenzaldehyde and (+)-catechin reaction was a colourless product while 311 

glyoxylic acid and (+)-catechin readily formed a yellow xanthylium cation (Es-Safi 312 

et al., 1999b).  Also, the reaction of dihydroxybenzaldehyde with (+)-catechin was 313 

much slower than the reaction of glyoxylic acid with (+)-catechin.  After reaction at 314 

14 days at 45 °C, the rate of (+)-loss was 2.2x10-5 M/day and 1.2x10-5 M/day for the 315 

10 mM dihydroxybenzaldehyde and 0.25 mM glyoxylic acid samples respectively.  316 

That is, the 40-fold excess of dihydroxybenzaldehyde compared to glyoxylic acid 317 

only increased the rate of (+)-catechin loss by less than a factor of 2. 318 

  319 

Previous studies have shown that during the oxidation of phenolic compounds in 320 

wine or wine-like solutions, aldehydes are produced that stem from the coupled 321 

oxidation of non-phenolic components such as ethanol, glycerol or tartaric acid 322 
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(Timberlake & Bridle, 1976; Fulcrand et al., 1997; Laurie & Waterhouse, 2006).  323 

This current study shows that the oxidation of a wine-like solution led to the 324 

production of an aldehyde, dihydroxybenzaldehyde, which stems directly from a 325 

phenolic compound, caffeic acid. This work also identifies a 326 

dihydroxybenzenemethine-linked (+)-catechin dimer formed from (+)-catechin and 327 

dihydroxybenzaldehyde and shows the presence of several yellow/red pigments also 328 

formed simultaneously.  The production of these pigments is consistent with the 329 

observation by a recent study (George et al., 2006) that the presence of caffeic acid in 330 

a model wine system, also containing (+)-catechin and iron, led to the eventual 331 

production of a red tint in the samples. 332 

 333 
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Table 1:  LC-MS analysis of the products from the reaction between a) (+)-catechin and glyoxylic acid, and b) (+)-catechin and 
dihydroxybenzaldehyde. DHB = dihydroxybenzene.  RDA = retro-Diels Alder. Cat = Catechin with linkage at either positions 6 or 8. 
Reaction Peak identity Ionisation mode Parent ion 

(m/z) 
Fragmentation ion (m/z) - fragment identity 

a) 
Glyoxylic acid + 
Catechin 

Carboxymethine-
linked (+)-catechin 
dimer: 

Positive 637 485 – RDA 
347 – loss of (+)-catechin portion 
195 – loss of (+)-catechin portion and subsequent RDA 

 Cat

CO2H

Cat

 

Negative 635 345 – loss of (+)-catechin portion 
301 – loss of (+)-catechin and decarboxylation 
289 – (+)-catechin 
 

b)   
DHB +  
Catechin 

Peaks 3,7,8* 
(Figure 5A) 
 

Positive 701 549 – RDA 
411 – loss of (+)-catechin portion 
259 – loss of (+)-catechin portion and subsequent RDA 

 Assigned as 
6 (Figure 5)  
and its isomers 

Negative 699 547 – RDA 
409 – loss of (+)-catechin portion 
289 – (+)-catechin 
257 – loss of (+)-catechin portion and subsequent RDA 
 

 Peaks 9 
(Figure 7) 

Positive 967 and 427 545 – RDA of 967 ion 
409, 275, 257 – not assigned 

  Negative 965 and 425 177, 407 – not assigned 
 Peaks 10 Positive 409 257 – RDA 
 (Figure 7) Negative 407 255 – RDA 
*  Parent ions were detected for peak 8 but no fragmentation ions were detected.
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Captions to Figures 442 

 443 

 444 

Figure 1 The extracted chromatogram (280 nm) for the model white wine, 445 

containing 200 mg/L caffeic acid and 1.5 mg/L iron, after 14 days of 446 

reaction.  Peak 1 is due to dihydroxybenzaldehyde and peak 2 is due to 447 

caffeic acid. 448 

 449 

Figure 2 The UV/VIS spectrum corresponding to peak 1 (Figure 1). 450 

 451 

Figure 3 The 440 nm absorbance of the model white wine containing 452 

dihydroxybenzaldehyde and either caffeic acid ( ) or (+)-catechin ( ) 453 

(A) and the UV/VIS spectrum of the model white wine containing 454 

dihydroxybenzaldehyde and (+)-catechin after 14 days of reaction (B). 455 

 456 

Figure 4 The extracted chromatograms, 280 nm (A) and 701 m/z (B), for the 457 

model white wine containing both dihydroxybenzaldehyde and (+)-458 

catechin after 14 days of reaction.  The peaks in the UV and mass 459 

chromatograms are offset by approximately 0.8 min due to the LC-MS 460 

hardware set up. 461 

 462 

Figure 5 Dihydroxybenzenemethine-linked (+)-catechin dimer 463 

 464 

Figure 6 The common fragmentation pattern of aldehyde-bridged flavonoid 465 

dimers (Saucier et al., 1997; Pissarra et al., 2003; Laurie & Waterhouse, 466 
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2006).  RDA = retro diels-alder degradation. When R = 467 

dihydroxybenzene, detection of the RDA fragment was at 549 and 547 in 468 

the positive and negative ion modes, respectively, and detection of the 469 

catechin-cleaved fragment was at 411 and 409 in the positive and 470 

negative ion modes, respectively. 471 

 472 

Figure 7 The extracted chromatogram (440 nm) for the model white containing 473 

both dihydroxybenzaldehyde and (+)-catechin after 14 days of reaction. 474 

 475 

Figure 8 The extracted spectra corresponding to peaks 9 and 10 (Figure 7). 476 

 477 

Figure 9 The suggested structure for a compound responsible for peak 10 in 478 

Figure 7.479 
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