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Abstract 
Summary 

This thesis describes the synthesis, hydrolysis and analysis of menthiafolic acid, a 

precursor to wine lactone in wine. (R)-Menthiafolic acid was synthesised and then taken 

through acid hydrolyses to confirm its conversion to wine lactone under wine-like 

conditions and to determine the chirality of the resultant product. A Gas Chromatography/ 

Mass Spectrometry (GC/MS) Stable Isotope Dilution Assay (SIDA) method was 

developed to analyse for this compound in grapes and wine. Chiral analysis was also 

carried out on wine extracts to confirm which enantiomers of menthiafolic acid and wine 

lactone are present in real wine samples. Bioconversion of the glucose ester of 

menthiafolic acid utilising three different microorganisms was evaluated in order to 

determine if menthiafolic acid is produced and hence if this compound is an indirect 

precursor to wine lactone through initial degradation to menthiafolic acid. 

 

Chapter 1 comprises an introduction and literature review.  

 

Chapter 2 concerns the synthesis and acid hydrolysis of (R)-menthiafolic acid. The 

synthesis gave a mixture of 95% (R)-enantiomer and 5% (S)-enantiomer menthiafolic acid.  

Hydrolysis was carried out under mild, wine-like conditions and under harsh Simultaneous 

Distillation Extraction (SDE) conditions. These hydrolyses showed that this compound is, 

in fact, converted to wine lactone under wine-like conditions but both the ‘natural’ (-)-

isomer of wine lactone and its enantiomer are produced in varying proportions depending 

on the hydrolytic conditions. This work has been published; Giaccio et al. Journal of 

Agricultural and Food Chemistry 2011, 59, 660. 

 

Chapter 3 describes the development of a SIDA method for the analysis of menthiafolic 

acid in grapes and wine. Extraction methods were investigated for model wine solutions 

and then transferred to white wine. A d5-analogue of menthiafolic acid was prepared for 

use in later quantifications. Grapes and wines were analysed and menthiafolic acid was 

found in the wines in varying concentrations ranging from < 10 g/L to 342 g/L with the 

highest concentration found in a Lexia wine. Wines analysed showed menthiafolic acid in 

significant concentrations which could potentially produce wine lactone in concentrations 
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above its aroma threshold. Grape analyses were also carried out and menthiafolic acid was 

observed in concentrations ranging from 16 g/L to 235 g/L. Gerwütztraminer grapes 

contained the greatest concentration of this precursor. Chiral analysis of menthiafolic acid 

present was also carried out on grape and wine samples. The analyses showed that the (S)-

enantiomer of menthiafolic acid is the more prevalent enantiomer in these particular grape 

and wine samples. 

 

Chapter 4 concerns fermentation studies of the glucose ester of menthiafolic acid. The 

SIDA method discussed in Chapter 3 was used to analyse for menthiafolic acid in these 

samples in order to determine if menthiafolic acid is released from the glucose ester via 

fermentation with various yeast and bacteria. Approximately 15% bioconversion  of the 

glucose ester to menthiafolic acid was observed when fermenting with Saccahormyces 

cerevisiae (strain AWRI 838). Bioconversion occurred to a lesser extent (approx. 5%)  

when fermenting with the lactic acid bacteria Oenococcus oeni (strain VP-41) and even 

less of the glucose ester was converted to menthiafolic acid when fermenting with spoilage 

yeast Dekkera bruxellensis (strain AWRI 1499). Menthiafolic acid was not observed in a 

concentration above the limit of quantification in D.bruxellensis fermentations. 

 

Chapter 5 details an attempt to develop a quantification method for wine lactone in model 

wine. Extraction of wine lactone from a white wine was also attempted. Chiral analysis of 

wine lactone extracted from wine by continuous liquid extraction was also conducted  

showing that the predominant enantiomer of wine lactone present in the wine analysed was, 

in fact, the (+)-enantiomer which has not previously been reported in wine. The (-)-

enantiomer of wine lactone was also observed and the ratios of the two wine lactone 

enantiomers correlated with what was expected when taking into account the ratios of 

menthiafolic acid also present in the wine.  

 

Chapter 6 comprises the experimental methods, materials and instrumentation utilised in 

these studies. 
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Chapter 1: Introduction 
 

1.1 Introduction to Wine in Australia 

 

Most wines produced today are the product of the fermentation of grape juice. When  

grapes are crushed, the juice is released which can then undergo spontaneous fermentation 

with yeasts that are naturally present on the skin of the grape.
1
 This is a natural process and 

as a result, it is assumed that wine has been consumed since very early on in the history of 

the human race.
2
 There are four main species of grapes contributing to the parentage of 

grape varieties and these include: Vitis vinifera - commonly known as the Old World grape,  

Vitis labrusca – northern grape, indigenous to the eastern part of North America,  Vitis 

rotundifolia – southern and central United States and Vitis reparia - the most widely 

distributed of any native American grape.
2
 It is believed that Vitis vinifera originated from 

the Caucasus Mountains between the Black and Caspian seas and accompanied armies and 

migrations across Europe.
2
 There is no definitive record for the beginning of wine but, the 

earliest convincing evidence for the cultivation of Vitis vinifera (the main species used for  

winemaking)  comes from Chalcolitic (ca. 3700-3200 BC non-calibrated radiocarbon time) 

and the Early Bronze Age (ca. 3200-1900 BC) sites from the Levant.
3
 The evidence of 

cultivation of Vitis vinifera from these times exists as charred pips found at the Chalcolitic 

site of Tell esh Shuna in the Jordan Valley and parched berries containing 2-3 pips from 

the Early Bronze Age site of Jericho.
4
 Wine has therefore been consumed and enjoyed for 

millennia.  

  

Grape growing in Australia began almost immediately after settlement in 1788 with the 

first vines being planted only weeks after the First Fleet landed.
5
 These vines were struck 

from cuttings that were brought over by Governor Phillip from Rio de Janeiro and the 

Cape of Good Hope aboard the Lady Penrhyn.
5,6

 These grape vines were planted at Sydney 

Cove and were seen mainly as a food source with little mention of using them for wine 

production.
5,6

 The humid seaside environment in which they were planted did not bode 
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well for the vines and they were attacked by Anthranose or “black spot” with only a few 

bunches produced.
5
 

 

Since these times, wine making in Australia has become a thriving business with a total of 

1.62 million tonnes of grapes being crushed in the vintage 2010-2011.
7
 During this period, 

Australian wines were exported to the UK, US, Canada, China and Germany valued at 

$2.02 billion and the domestic market is currently thriving with 527 million litres being 

sold in Australia.
8
 From this huge demand for wine, it can be said that wine is important to 

the Australian public as well as the World at large. 

 

1.2 The Importance of Wine Aroma 

 

Wine is a complex stimulus eliciting a multitude of olfactory responses  in humans.
9
 Wines 

can elicit taste responses as well as oral sensations and smell responses.
9
 The enjoyment of 

wine relies greatly on flavour, this being the interaction of the constituent chemicals with 

the taste and smell senses of the consumer.
10

 As such, the aroma of wine is important in its 

selection by the public.
11

  

 

Wines are generally constituted of volatile compounds which generate aromas and non-

volatiles which can elicit tastes.
10

 The unique aromas, tastes and oral sensations of wines 

are attributed to the hundreds of organic and inorganic components present.
9
 As such, the 

chemistry of wine is also very complex with much of its complexity attributed to aroma 

compounds present.
12

 There are an estimated 600-800 volatile compounds present in wine 

with the total volatile content of wine (excluding ethanol and acetic acid) approximating 

0.8-1.2 g/L.
10,13

 Of these total volatile contents of a wine, approximately 50% is 

represented by the fusel oils that are produced by yeast during fermentation, these have 

been found in concentrations of 10
-4

 to 10
-9

 g/L.
13

   

 

Volatiles present in wine include: alcohols; esters; acids; aldehydes; ketones; terpenoids; 

phenols and lactones.
14

 These volatile compounds originate from many aspects involved in 
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wine making such as; grapes; yeast; bacterial metabolism; winemaking practices and oak.
15

 

Grape derived aroma compounds can be placed into two general categories: those that are 

present in grapes and those that are formed from non-volatile, flavourless precursors such 

as glycoconjugates and amino acid conjugates.
16-18

 

 

1.3 Aroma Precursors 

 

Plants accumulate volatile compounds for defensive and luring reasons which are vital to 

the survival of the plant and as such the timing of their release is very important.
18-22

 It is 

essential that these aromas are accumulated in the tissues from which the plant requires 

them to be released.
18

 Due to the nature of these aroma compounds (i.e. volatility, 

hydrophobicity and lability), their accumulation in plant cells can be complicated and 

hazardous to the plant.
18

 It is thought that due to these reasons, free aroma compounds are 

often bound as glycoconjugates and cysteine conjugates until they are required for their 

specific uses.
18

 The binding of these compounds allows them to become more soluble in 

plant tissue and be transported to specific parts of the plant that they may be required.
18, 23

 

Compounds found in wine that are often present in grapes as odourless, non-volatile 

precursors include: monoterpenes, C13-norisoprenoids, simple aliphatics, benzene 

compounds and thiols.
17, 24

  

 

 

Figure 1-1: Generic structures of: a) a glucoside and b) a glucose ester. 

 

Glycoconjugates can include those that are bound via an ester linkage (i.e. glucose esters) 

or those that are bound through an ether linkage (glycosides) (Figure 1-1). Many of the 

glycoconjugate esters that are important biologically are based on aromatic or aliphatic 

acids that are attached to glucopyranose (i.e. glucose in its 6-membered ring form) via an 

ester linkage.
25
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Glucose esters of 

hydroxybenzoic acids  

 

 

 

Glucose esters of 

hydroxycinnamic acids 

and cinnamic acid  

 

 

 

Figure 1-2: Structures of hydroxybenzoic acids and hydroxycinnamic acids that have been 

observed as glucose esters in plants. Glu = glucose. 
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The aromatic glucose esters that have been observed in plants include those corresponding 

to aglycones such as; hydroxybenzoic acids (e.g. vanillic acid (1),
26

 syringic acid (2)
26

 and 

4-hydroxybenzoic acid (3)
26

), gallic (4) acid
27

 and hydroxycinnamic acids
28

 (e.g. ferulic (5), 

sinapic (6), caffeic (7) and coumaric acid (8)) (Figure 1-2). Glucose esters of aliphatic 

acids observed in plants include fatty acids,
29

 iridoids, carotenoids and terpenoid acids.
25

 In 

a study by Klick et al. on the glucosides and glucose esters of hydroxybenzoic acids in 

several plant species, it was observed that glucosides are much more prevalent than their 

corresponding glucose esters.
26

 In comparison with the number of glycosides that have 

been discovered and characterised, the amount of glucose esters observed in plants is 

relatively small.
25,30

 

 

In 1978, Ong and Nagel
31

 put forward the first tentative observation of the presence of 

hydroxycinnamic acid glucose esters in Vitis vinifera grapes after several reports that these 

types of compounds were present in other plants.
23,32,33

 Winterhalter et al. first reported the 

presence of the glucose ester of menthiafolic acid (10) in Riesling wine (Figure 1-3).
34,35

 

This latter publication also reported the presence of a second glucose ester of the acid 

(2E,6E)-10,11-dihydroxy-3,7,11-trimethyl-2,6-dodecadienoic acid (11) in Riesling wine 

(Figure 1-3). In 2001, Baderschneider and Winterhalter
36

 reported the glucose esters of 

cinnamic (9), p-coumaric (8) and ferulic acids (5) in a German Riesling wine. Although 

glucose esters are much less prevalent than glycosides, their presence in wine is well 

documented and there is potential for their hydrolysis products to contribute to the aroma 

of a wine. 

 

 

Figure 1-3: Structures of glucose esters observed in Riesling wine. 
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It is known that odourless aroma precursors can undergo hydrolysis to release aroma 

compounds which can then contribute to the bouquet of a wine.
18,24,37-47

 These hydrolyses 

can be effected enzymatically utilising enzymes that are observed in the plant such as β-

glucosidases
48

 or through acid hydrolysis which is dependent on variables such as pH, 

temperature and the reactivity of the glycoside.
49

 Acid hydrolysis is a common reaction 

that takes place during wine production and storage and is responsible for the presence of 

many compounds in a wine.
37,43,50,51

 This process can be quite slow and occurs due to the 

low pH (pH 3.0-3.4) observed in wine.
49

 These mildly acidic conditions are sufficient to 

promote degradation of many precursor compounds to free aroma compounds. The 

liberation of these free aroma compounds allows them to contribute to the overall bouquet 

of a wine which is important in wine selection by the consumer. 

 

Glycoconjugates of aroma compounds are not the only type of aroma precursor although 

they are the most often studied.  An investigation by Tominaga et al.
17

 found that non-

volatile S-cysteine conjugates of the highly aromatic volatile thiols: 4-mercapto-4-

methylpentan-2-one (12), 4-mercapto-4-methylpentan-2-ol (13) and 3-mercaptohexan-1-ol 

(14) were present in wine. They showed that these cysteinylated precursors can be broken 

down during fermentation under “wine-like” conditions, releasing their aromatic thiols into 

the wine.
17

 It is also possible that there could be numerous other types of odourless, non-

volatile precursors in wine that are still yet to be discovered. 
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Figure 1-4: Structures of cysteinylated precursors to the volatile thiols and their 

corresponding fermentation products (4-mercapto-4-methylpentan-2-one (15), 4-mercapto-

4-methylpentan-2-ol (16) and 3-mercaptohexanol (17). 

 

Fermentation with yeast is an essential component of winemaking and secondary 

fermentation with bacteria such as Oenococcus oeni is also commonly employed for the 

production of red wine and some white wines. These processes can lead to enzymatic 

hydrolysis of precursor compounds, releasing aroma compounds.
52-56

 The aroma 

compounds released depend upon the mixture of yeasts and bacteria that may be present in 

the grape juice during fermentation, and can be performed by a range of yeast and bacterial 

species.
57,58

 A number of studies have been carried out on fermentation products and their 

effects on the aroma bouquet of wines. Thus, it is well established that yeast and bacteria 

can play an important role in the development of wine flavour and aroma.
52,53,58-60

 

 

Yeast esterases (enzymes that catalyse the synthesis and hydrolysis of esters) are known to 

contribute to wine flavour.
61-63

 They are able to regulate the equilibrium between esters and 

their free acids and alcohols.
62-64

  

 

The yeast species Saccharomyces cerevisiae displays some esterase activity; this activity 

can be quite low in this particular species of yeast.
65, 66

 Mauricio
62

 observed that the 
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isoamyl, ethyl and hexyl acetate esters were synthesised by the esterase alcohol 

acetyltransferase of this yeast within the first 24 hours of fermentation whilst after 10 days 

of fermentation, it was observed that the concentrations of these esters began to decrease.
62

 

The decrease in ester concentration corresponded with an increase in the esterase activity 

apparent from the hydrolysis of the esters.
62

 As well as synthesising and hydrolysing esters, 

this esterase activity could also lead to the breakdown of important glucose esters thus 

contributing to the aroma of wines.  

 

Another species of yeast that can be present in wine is the spoilage yeast Dekkera 

bruxellensis. These species are known to produce off-aromas such as “mousy” and 

“medicinal” during fermentation 
67

 The latter aroma is associated with the production of 

the volatile phenols 4-ethylphenol (18) and 4-ethylguaiacol (19) (Figure 1-5). In 1982, 

Spaepen and Verachtert
68

 showed that whole cells of Dekkera exhibit esterase activity 

towards several esters including; ethyl acetate (20), isoamyl acetate (21) and ethyl lactate 

(22). D. bruxellensis  hydrolyses isoamyl acetate (21) and synthesises ethyl acetate (20) 

and ethyl lactate (22) until an equilibrium is reached between the acids and their esters.
68

 

Recent studies carried out in this laboratory have shown that D. bruxellensis can exhibit 

exterase activities toward the ethyl esters of p-coumaric acid (23) and ferulic acid (24) 

establishing its ability to affect the breakdown of non-volatile precursors to produce wine 

aroma compounds (Figure 1-6).
69

 The glucose esters of coumaric acid and ferulic acid  

were also studied in unpublished work carried out in this laboratory and D.bruxellensis was 

observed to exhibit esterase activity towards these compounds (Hixson, PhD thesis, 

Adelaide uni). 

 

Figure 1-5: Structures of 4-ethylphenol (18) and 4-ethylguaiacol (19). 
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Malo-lactic fermentation is a secondary fermentation that breaks down malic acid and 

converts it to lactic acid and carbon dioxide.
70

 It is mainly used for the deacidification of 

wines and gives the wine microbial stability, it has also been observed to contribute to 

wine aroma through the hydrolysis of aroma precursors.
60

 Oenococcus oeni is the most 

common bacteria used for malolactic fermentation.
70

 In a study by Ugliano et al. four 

strains of Oenococcus oeni  were monitored for their breakdown of glycosylated wine 

aroma precursors under wine conditions.
60

 It was observed that these strains liberated 

terpenols from their glycosylated precursors.
60

 A report by Davis et al. stated that the 

majority of O. oeni wine strains studied exhibited esterase activity.
71

 Later studies by 

Matthews et al.
72

 showed that Oenococcus oeni possesses a strong esterase that is active to 

an ethanol concentration of 16%.
73

 Matthews also observed that this esterase is more active 

towards short chained esters (C2-C8) rather than long chained esters (C10-C18).
73

  

 

1.4 Wine Analysis 

 

The development of analyses of wine is an important element of wine research. As the 

bouquet of a wine is central for its enjoyment and selection by the public,
11

 it is essential to 

be able to quantify important volatile and semi-volatile aroma compounds that may be 

contributing to the aroma and flavour of the wine.
74

 

Figure 1-6: Esters known to be regulated by esterase and ester synthesis activity of 

Dekkera. 
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The analysis of aroma compounds in wine is usually conducted using gas chromatography 

(GC) due to the volatile nature of these compounds.
75

 Gas chromatography/mass 

spectrometry (GC/MS) is the most important technique for the identification of aromas that 

are present in trace amounts.
76

 Due to the presence of non-volatile sugars, acids and 

polyphenols in wine which can cause damage to GC columns and complicate analyses, a 

sample preparation prior to analysis is essential.
77,78

 

 

Extraction of analytes to obtain a sample for analysis is an important part of the analytical 

process. The most common extraction techniques utilised for the extraction of aroma 

compounds from wine include liquid-liquid extraction,
79-81

 solid phase micro extraction 

(SPME)
50,59,82-84

 and solid phase extraction (SPE).
18,50,85-91

 A relatively new technique that 

is becoming more common for this type of analysis is stir bar sorptive extraction 

(SBSE).
92-94

 A magnetic stir bar is used to directly extract analytes via adsorption onto a 

polymeric sorbent coating.
75

 Analytes can then be desorped via thermal desorption and 

analysed by GC/MS.
75

 A comparison of SPME and SBSE showed that SBSE is a more 

sensitive technique and may become increasingly more popular for analysis of wine aroma 

compounds in the future.
95

 However, in the present study of wine lactone (50) and its 

precursors, it was found that SPE was the only viable, rapid extraction technique among 

the techniques available. 

 

1.4.1 Solid Phase Extraction  

 

Solid phase extraction (SPE) is a valuable extraction technique in wine analysis. With the 

use of different sorbents and solvents, a great degree of selectivity can be obtained. Other 

sample preparation steps such as dilution, pH adjustment or salting are often carried out in 

conjunction with SPE to increase the selectivity and efficiency of the extraction.
96

  

 

SPE begins with retention of the analytes onto the sorbent. There are several different 

types of sorbent available for this type of extraction including polar, non-polar, size 

exclusion and ion exchange.
78

 The choice of sorbent is important in conducting SPE in that 

the analyte must have a certain amount of attraction to that surface for retention to occur.
78
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Retention of the analyte can be in either of three ways: adsorption to the surface of the 

sorbent; penetration of the outer layers of the molecules on the surface of the sorbent or 

based on particle size and its ability to pass through the gaps between the sorbent 

particles.
96

 There are different types of sorbent available including polymeric based 

sorbents (such as styrene divinylbenzene sorbents), and sorbents that are silica based.
87

 

Silica based sorbents pose the problems of, low sample retention, high analysis times, high 

solvent consumption, irreversible adsorption and catalytic degradation of sensitive 

analytes.
87

 The use of polymeric sorbents can circumvent these problems. 

 

Once the analyte has been retained, a washing step is employed. This wash step is used to 

remove any compounds that have adsorbed onto the resin that may not be desired in the 

analysis in order to avoid their elution with the analyte.
96

 The wash step is necessary in 

order to make the analysis simpler by minimising the presence of interferents and 

unwanted compounds in the extract being analysed.
96

 

 

Next is elution. The fact that SPE can be used to extract analytes from several millilitres of 

sample and that they can then be eluted in a far smaller volume of solvent makes it an easy 

method for the concentration of the target analyte. The elution solvent must be one that has 

a stronger affinity for the analyte than does the sorbent. 

 

SPE has been used in a variety of wine analysis methods. In 1985, Gunata et al.
39

 utilised 

SPE to extract both free and glycosidically bound volatiles from grapes. This study found 

that the SPE method was far more beneficial than liquid-liquid methods in that the 

extraction yield was far greater when utilising this method.
39

 Later, Wada and Shibamoto
97

 

utilised Porapak-Q (an ethylvinylbenzene-divinylbenzene copolymer) resin for the 

extraction of several volatile compounds from wine, describing the SPE method as simple 

and rapid. Cullere et al.
87

 utilised Lichrolut EN (a styrene divinyl benzene polymer) to 

fractionate wine flavour extracts, concluding that the use of the polymeric sorbent was 

much simpler, more reproducible and has less risk of losses due to degradation and 

irreversible adsorption than using plain silica.
87

 SPE remains a popular choice for the 

extraction of wine compounds for analysis and in 2011, Cullere et al.
86

 reported a method 
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for the analysis of C8-C11 aldehydes (responsible for the citrus notes in wine) in 24 white 

wines. Previously the analysis of these compounds had proven difficult. Thus, the fact that 

SPE was able to recover sufficient amounts of these compounds is a huge step forward for 

their analysis.  

 

Solid phase extraction can lead to some losses of analyte due to poor retention, thus in 

utilising this extraction method for quantification, a standard is required. In fact, when 

quantifying any compound, a standard, whether it be internal or external, labelled or 

unlabeled is paramount.  In order to minimise the effects of these losses on the accuracy of 

the method, stable isotope dilution assay (SIDA), can be used. This technique is the most 

important technique for quantification due to the reliability, sensitivity and accuracy it 

provides to the analytical method.
77

 

 

1.4.2 Stable Isotope Dilution Assay  

 

Stable isotope dilution assay (SIDA) is a method used for quantification which utilises a 

stable isotope labelled analog of the analyte to be quantified as an internal standard. SIDA 

was first reported in 1939 by Ussing
98

 in a study on the analysis of leucine (25) (Figure1-7)  

in haemoglobin and gelatine. Deuterium labelled leucine (26) was added to the 

haemoglobin sample and the ratio of deuterated (26) to un-deuterated (25) leucine was 

used to calculate the concentration of leucine (25) in the sample.
98

  This gave way to more 

research into the use of deuterated internal standards with the first report of this type of 

method being utilised in the analysis of food being reported by Schieberle and Grosch in 

1987.
99

 This study utilised deuterated internal standards to analyse bread crusts for three 

important pyrazines and a pyrroline (acetylpyrazine (27), 2-methyl-3-ethylpyrazine (28), 5-

methyl-5H-cyclopenta[b]pyrazine (29) and 2-acetyl-1-pyrroline (30)).
99

 

 

Figure 1-7: Leucine (25) and the deuterated analog of leucine (26) used for quantification. 
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Figure 1-8: Pyrazines and pyrroline found in bread crusts. 

 

Use of a deuterated internal standard ensures that the internal standard has chemical 

properties that are as close to the analyte as possible; this allows them to act similarly 

during isolation, concentration, derivatisation (if required) and analysis (not withstanding 

any negligible isotope effects). This is important as many sample preparation methods 

involve several steps.
100

 If the internal standard is not as chemically and physically related 

to the analyte as possible; inconsistent losses of analyte compared to internal standard 

during these steps could occur resulting in inaccuracies in the quantification method.
100

 As 

the deuterated internal standard and analyte have near identical physical and chemical 

properties, after sample preparation (i.e. extraction, derivatisation) it would be expected 

that the analyte and internal standard would be obtained in equal yield regardless of any 

losses.
100

 As such, SIDA is a reliable method for quantification of analytical samples.
101

 

 

Work has been conducted comparing SIDA methods with other analytical methods 

including the use of an external standard and the use of an unlabeled internal standard. 

Friesleben et al.
102

 compared the use of labelled internal standards with the use of external 

standards in a method for the detection of folates in foods. The methods compared were a 

stable isotope dilution assay-liquid chromatography-tandem mass spectrometry (SIDA-LC-

MS/MS) method and a high performance liquid chromatography-fluorescence detector 

(LC-FD) method.
102

 They observed that the use of a SIDA-LC-MS/MS method gave 

improved sensitivity, selectivity and precision than the frequently used LC-FD method and 

also gave lower detection limits for folates 5-formyltetrahydrofolate (31), 10-formylfolic 

acid (32) and folic acid (33) which were difficult to detect using LC-FD methods. The use 

of mass spectrometry is important here as it enables the separate detection of the analyte 

and internal standard via the use of selected ion monitoring (SIM). This differentiation of 

the analyte and internal standard is paramount as they can often coelute due to their 
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chemical similarity.  SIDA has been established as a powerful method for the 

quantification of trace compounds.  

 

 

Figure 1-9: Folates analysed by Friesleben et al.
102

 

 

Comparisons of analytical methods for resveratrol (34) (Figure 1-10) including a SIDA 

method, an external calibration method and a standard addition method showed that the 

standard addition method gave concentrations close to that of the SIDA method but that the 

use of an external calibration gave only 13% (for triple quadrupole analysis) or 32% (for 

time of flight analysis) of the concentrations obtained by SIDA.
103

 The external calibration 

method showed the ionisation of resveratrol (34) (Figure 1-10) was affected by the matrix. 

Thus, the use of an internal standard as for the SIDA method compensated for these effects 

giving a more accurate and robust method.
103

  

 

 

Figure 1-10: Structure of resveratrol (34). 

 

As stable isotope labeled internal standards are often not commercially available or are 

very expensive, synthesis of these compounds is a common first step in developing a SIDA 

method.
84,99-102,104-108

 Once obtained it is important to ensure the stability of the label.
101

 It 
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is also essential to ensure that any ions used to quantify the internal standard are not 

present in the mass spectrum of the analyte (and vice-versa) unless baseline separation of 

the internal standard and analyte can be achieved during chromatography.
101

 Such 

separation can sometimes be more easily achieved when polydeuterated analogs of 

analytes are used as internal standards as observed in unpublished work from this 

laboratory.  

 

Due to its reliability, SIDA is now commonly used in wine volatile analysis and has been 

used to quantify many compounds including; 3-isobutyl-2-methoxypyrazine (35),
84

 4-

ethylphenol (18) and 4-ethylguiacol (19) in tainted wines,
107

 4-ethylphenol (18) and 4-

ethylguaiacol (19) in barrel aged red wines,
109

 3-isobutyl-2-methoxypyrazine (35) in 

Bordeaux grapes and wine,
110

 β-damscenone (36) in grapes and wines,
90

 resveratrol (34) in 

red wines,
103

 Eucalyptol (1,8-cineole) (37) in Australian wines,
111

 (E)-1-(2,3,6-

trimethylphenyl)buta-1,3-diene (38),
112

 rose oxide (39),
113

  and rotundone (40)
114

 amongst 

many others even including 2,4,6-trichloroanisole (41)  in cork stoppers (Figure 1-11).
59, 110, 

115-117
 

 

Figure 1-11: Structures of several compounds quantified by SIDA analysis. 
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1.5 Monoterpenes 

 

Monoterpenes (a class of terpene, comprising of C10 compounds) are the most extensively 

studied compounds in Vitis vinifera grapes and wine.
118,119

 They are widespread natural 

products that are renowned for their aroma-active flavouring role.
120

 Among wines, they 

are most known for their contribution to floral varieties such as Muscat of Alexandria 

which is known as a monoterpene dependent wine variety.
45

  

 

Wines can be broadly classified on their monoterpene content.
121

 This gives rise to three 

main groups; intensely flavoured Muscats with a free monoterpene content that can reach 

as high as 6 mg/L, aromatic non-muscat varieties with total monoterpene concentrations of 

1-4 mg/L and neutral varieties that are non-monoterpene dependent.
121

 Monoterpenes 

present in wine can be categorised into 3 groups; volatile aroma compounds, odourless 

polyhydroxylated forms (polyols) and glycosidically conjugated forms.
121

 The most 

common compounds found in wine from the free monoterpene group include linalool (42), 

geraniol (43) and α-terpineol (44) as well as pyran and furan forms of the linalool oxides 

(45 and 46) (Figure 1-12).
121

 Although the polyhydroxylated forms of the monoterpenes do 

not contribute directly to the aroma of wine, some of the compounds from this group are 

reactive and are known to breakdown to form aroma active compounds.
121

 An example of 

this is 3,7-dimethylocta-1,5-diene-3,7-diol (47) which can break down at wine pH to form 

ho-trienol (48) and nerol oxide (49).
122

 Along with polyhydroxylated forms, the 

glycosylated monoterpenes also do not directly contribute to wine aroma but are present at 

concentrations above that of the free compounds, they are also able to hydrolyse to aroma 

active compounds which can contribute to wine aroma.
121

 

 

 

Figure 1-12: Free monoterpenes commonly observed in wine. 
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Figure 1-13: Breakdown of 3,7-dimethylocta-1,5-diene-3,7-diol (47) to ho-trienol (48) and 

nerol oxide (49).
122

 

 

1.6 Wine Lactone 

 

Wine lactone (3a,4,5,7a-tetrahydro-3,6-dimethylbenzofuran-2-one) (50) (Figure 1-14) is a 

potent odorant first discovered by Southwell in 1975 as a constituent of Koala urine.
123

 

Southwell discovered this compound during a study on the urinary metabolites of the 

Koala after consumption of Eucalyptus puncata leaves.
123

 This monoterpene was identified 

more than 20 years later in white wines by Guth
124

 and was named “wine lactone”  This 

was the first identification of wine lactone (50) in wine or a food.
124,125

 Wine lactone (50) 

has been described as imparting characters such as “sweet” and “coconut-like” to wine 
125

 

With a low odour threshold of 0.02 pg/L in air and 10 ng/L in model wine; the natural 

isomer of this compound was considered an important impact odorant of wine.
80,125

 Since 

the first discovery of wine lactone (50) as a food/beverage constituent; it has also been 

identified in other foods and food products such as black and white pepper,
126

 orange 

essence oil,
127

 orange juice,
128,129

 apples,
130

 grapefruit
131

 and several different wine 

varieties such as Gerwürtztraminer,
124

 Scheurebe,
124

 Merlot,
132

 Cabernet Sauvignon
132

 and 

Grenache.
132

 In all of these foods, wine lactone is present at low concentrations. Only 

Guth
79

 has quantified wine lactone (50) observing it in the parts per billion range. Due to 

its low aroma threshold, this compound would still contribute to the aroma of these foods 

regardless of its low concentration.  
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*OT is odour detection threshold in air 

Figure 1-14: The eight possible isomers of wine lactone including the "natural" isomer 

(50a) (circled). 

 

In 1996, a later study by Guth on the configuration of wine lactone (50) found only the (3S, 

3aS, 7aR)-enantiomer in young wine samples after comparison with a synthetic sample of 

each of the eight possible enantiomers
125

 The enantiomer observed is, coincidentally, the 

most odiferous of the eight enantiomers of wine lactone (50) synthesised by Guth.
133

 

 

Further studies by Guth in 1997 showed that wine lactone (50) concentration doubled (0.03 

- 0.06 µg/L) during yeast fermentation but a greater increase occurred during maturation in 

high-grade stainless steel tanks for 4 months.
53,80

 The concentrations of wine lactone were 

also measured after barrel aging and when compared to that of wines aged in stainless steel 

tanks, it was shown that the concentration of wine lactone doubled (0.1-0.2 µg/L 

respectively) when aged in barrels.
53 
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1.6.1 Possible Precursors  

 

Two possible precursors to wine lactone (50) have been identified in wine, these being 

menthiafolic acid (51) and its glucose ester (10) (Figure 1-15). Previous studies have been 

carried out on both of these compounds to identify their potential to produce wine lactone 

(50) under normal wine conditions.
134

 

 

 

Figure 1-15: Proposed precursors to wine lactone (50) (menthiafolic acid (51) and the 

glucose ester of menthiafolic acid (10)). 

 

1.6.2 Glucose Ester of Menthiafolic Acid (10) 

 

Glucose esters of menthiafolic acid (51) have been known in plants since 1982 when Hase 

et al. reported the presence of a glucose ester (52) (Figure 1-16) in methanolic extracts of a 

Japanese shrub called Viburnum phlebotrichum.
135

 Hydrolysis of this glucose ester gave 

the acid (51) and arbutin (a glycosylated hydroquinone) 
1
H NMR and IR were also utilised 

in the characterisation of this compound.
135

 Glucose ester (52) was later observed as the 

(S)-form by Takido et al. in the same plant.
136

 Since then, nine more glucose esters have 

been observed in plants including glucose ester (rotundifoline A) (53) with the glucose also 

bound to vomifoliol observed in Rotala rotundifolia,
137

 the chromenone glucose ester (54) 

observed in Eucalyptus camaldulensis var. Obtusa,
138

  amongst other glucose esters 

observed in Syringa velutina Kom (55),
139

 five Eucalyptus species (56),
140

 Lantana lilacia 

(10),
141

 Ligustrum robustum (10),
142

 Jasminium hemsleyi (57),
143

 three Veronica species 

(58)
144

 and Tetrapleura tetraptera (59).
145 
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Most of the glucose esters mentioned above (Figure 1-16) contain menthiafolic acid (51) 

bound to a glucose moiety via an ester linkage at either the C-6 or anomeric position with 

the glucose also bound to another molecule. The monoglucosylated ester (10) is that 

observed in Riesling wine.
34,141,142

  The first observation of the glucose ester (10) in grapes 

or wine was during a study by Winterhalter et al. in 1997 where the tetraacetate of (10) 

was isolated from the acetylated extracts of Riesling wine.
34

 A 1992 vintage Riesling wine 

was extracted, the resultant extracts were separated by multilayer coil countercurrent 

chromatography (MLCCC), derivatised (by acetylation) and purified by flash 

chromatography and HPLC.
34

 Further analysis by NMR showed that this compound was, 

in fact, the tetraacetate of glucose ester of menthiafolic acid (10) as indicated by the 

resonance of the anomeric proton at δ 5.7 ppm.
34

 In a later study by Bonnländer et al. the 

glucose ester (10) was enzymatically hydrolysed by sweet almond emulsion to afford D-

glucose and the acid (51).
35

 This glucose ester was thought to be a precursor to wine 

lactone (50) in wine.  
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Figure 1-16: Structures of menthiafolic acid glucose esters observed previously in plants, 

highlighting the aglycone. 
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Later studies by Smyth
146

 showed that under mild acid hydrolysis conditions (pH 3.0 or 3.4 

at ambient temperature), the glucose ester did not produce detectable quantities of wine 

lactone over a period of 12 weeks. At higher temperatures (45 
o
C) small conversions to the 

lactone (50) were observed over a 16 week period (Figure 1-17).
43

 This also showed that 

this glucose ester is not a direct precursor to wine lactone in wine unless other types of 

conversion are in place (i.e. hydrolysis to menthiafolic acid (51) by esterases).
43

 

 

Figure 1-17: Formation of wine lactone (50) via hydrolysis of acid (51) and glucose ester 

(10) from Smyth.
146

 

 

1.6.3 Menthiafolic Acid (51) as a Precursor to Wine Lactone (50) 

 

Menthiafolic acid (51) was first identified as a plant constituent by Marco in 1993 during 

studies on an Iranian species of Artemisia; Artemisia sieberi.
147

 This compound was 

observed in the aerial parts of this perennial herb and was characterised by IR and NMR 

studies.
147

 Later, this acid (51) was identified by Bonnländer in an Albiño wine 

establishing it as a wine constituent.
134

 It was hypothesised that the acid (51) would be 

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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converted to wine lactone by analogy to the formation of dill ether (60) from the diol (2,6-

dimethyl-octa-2,7-diene-1,6-diol) (61) as depicted in Figure 1.18.
35

 To demonstrate this 

pathway of wine lactone (50) formation from the acid (51), simultaneous distillation 

extraction (SDE) of the acid at pH 3.2, 2.5 and 2.0 at 100 
o
C was undertaken.

35
 In all cases, 

wine lactone (50) was identified as a major product of the thermal treatment of the acid (51) 

under these conditions.
35

 These studies therefore established the acid (51) as a possible 

precursor to wine lactone (50) in wine.
35

  The use of SDE to affect this hydrolysis does not 

approximate normal wine conditions and hence only proved that wine lactone (50) can be 

produced by the thermal treatment of the acid (51) under forcing conditions. 

 

 

Figure 1-18: Proposed acid catalysed formation of wine lactone (50) from menthiafolic 

acid (51) and the formation of dill ether (60) from diol (61).
35

  

 

Subsequent studies on the hydrolysis of the precursor acid (51) by Smyth
146

 showed that 

over a 16 week period significant amounts of wine lactone (50) were formed from the 

precursor acid (51) under mild acid hydrolysis conditions (Figure 1-17).
43

 These studies 

were conducted in model wine under normal wine conditions (pH 3.2 and 3.4 at ambient 

temperature and 45 
o
C) and confirmed the acid (51) as a possible precursor to wine lactone 

(50) in wine.
43

  

 



Chapter 1: Introduction 

 

24 

 

1.6.4 Chirality Studies on the Hydrolysis Products of Precursor (51)  

 

As wine lactone (50) has previously been reported in wine as only the (3S, 3aS, 7aR)-(-)-

enantiomer, studies on the chirality of the wine lactone (50) formed from the hydrolysis of 

the precursor (51) were undertaken by both Bonnländer
134

 and Luan et al.
120

 

 

Bonnländer conducted SDE hydrolyses on enantiomerically pure (R)-(51).
134

 These 

experiments showed that upon hydrolysis of this compound, the wine lactone formed was 

racemic.
134

 This conflicted with the observation reported by Guth
133

 that wine lactone (50) 

is present in wine as only one enantiomeric form. It was possible that the harsh conditions 

of SDE being used were causing the wine lactone (50) formed to racemise or the precursor 

acid (51) to racemise prior to conversion to wine lactone (50).  

 

Later studies by Luan et al.
120

 showed that upon SDE hydrolysis of a mono-deuterated 

analog of the enantiomerically pure (R)-form of the precursor (51), wine lactone (50) was 

formed in a ratio of 4:1 (-):(+). This supported the observations of Guth
133

 in that 

predominantly the (-)-enantiomer of wine lactone (50) was formed, although again, these 

results conflicted with those obtained by Bonnländer
134

 despite the experiments both being 

carried out under similar conditions. The conflicting results could have been caused by an 

isotope effect due to the deuterium incorporated in the structure of precursor acid (51) in 

this case.  

  

1.6.5 Mechanism for Formation of Wine Lactone (50) 

 

The mechanism of the formation of wine lactone from the acid was studied by Luan et 

al.
120

 in 2006. As a 4:1 ratio of (-):(+) wine lactone (50) was produced from hydrolysis of a 

mono-deuterated form of (R)-(51), a stereospecific mechanism was proposed by Luan et 

al.
120

 This proposed mechanism entails cyclisation and a [1,3]-hydride shift.
120

 This study 

utilised two regioselectively deuterium-labelled analogues of the acid (51) that were 

treated under acidic aqueous conditions (SDE) in order to convert them to their respective 

wine lactones (50).
120

 The wine lactones generated from this cyclisation were then 
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analysed by chiral Multi-Dimensional Gas Chromatography (MDGC)/ion trap mass 

spectrometry.
120

  Luan et al. proposed that the (3S, 3aS, 7aR)-enantiomer of wine lactone 

(50) is produced from the (3R)-enantiomer if acid (51).  

 

1.6.6 Aims of the Present Study 

 

This thesis describes experiments to investigate menthiafolic acid (51) and the 

corresponding glucose ester (10) as precursors to wine lactone (50).  

 

The aims of the current research were to investigate the possible precursor menthiafolic 

acid (51) and its glucose ester (10) for their potential as precursors to wine lactone (50) 

under normal wine conditions. Having established menthiafolic acid (51) as a precursor to 

wine lactone (50), quantification using SIDA-GC/MS methods was carried out in order to 

determine the potential of a particular wine to produce the potent odorant (50). (R)-

Menthiafolic acid (51) was synthesised and hydrolysed under normal wine conditions. 

GC/MS analysis was then utilised in order to carry out chiral analysis on the wine lactone 

formed. Chiral analysis of precursor acid (51) and lactone (50) were also carried out to 

determine which enantiomers are present in wine. 

 

Fermentation of the glucose ester (10) with Dekkera bruxellensis, Oenococcus oeni, and 

Saccharomyces cerevisiae was performed showing that this compound is hydrolysed to the 

acid (51) which can then undergo degradation under wine conditions much more quickly 

thus confirming the glucose ester (10) as a potential precursor to wine lactone (50) in wine.  
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Chapter 2:  Synthesis and Hydrolytic Studies of (R)-

Menthiafolic Acid (51)  

 

In order to study the hydrolysis of (R)-menthiafolic acid (51) it was necessary to first 

obtain a pure, authentic sample to be used in these studies. As this compound is not 

commercially available, it was necessary to synthesise it. Once obtained, hydrolytic studies 

under several conditions were carried out.  

 

2.1 Synthesis of Enantiomerically Pure (R)-Menthiafolic Acid (51) 

 

Enantiomerically pure (R)-menthiafolic acid (51) was synthesised from (R)-linalool (42), 

first isolating linalyl acetate (62) via a method reported by Hofle et al. then oxidising over 

two steps.
148

 The methods investigated for the synthesis of enantiomerically pure (51) are 

depicted in Scheme 2-1 and closely follows the method employed by Bonnländer.
134

 

 

Scheme 2-1: Synthesis of (R)-menthiafolic acid. 
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Acetylation of (R)-linalool (42) was carried out to furnish linalyl acetate (62) in a yield of 

86% to protect the hydroxyl functionality from possible further reaction in the subsequent 

synthetic steps. This acetylation was carried out with acetic anhydride and 

dimethylaminopyridine (DMAP) in triethylamine (NEt3). It is known that DMAP used in 

conjunction with triethylamine is an effective catalyst for the acylation of hydroxy 

compounds.
148,149

  

 

Oxidation to the aldehyde (63) was achieved via a Riley oxidation with selenium dioxide 

in dioxane, as was described by Naegeli and Webber.
150

 This oxidation furnished the 

product in a moderate yield of 28% and was confirmed by 
1
H NMR analysis as the 

presence of a singlet at δ 9.86 ppm indicated the presence of an aldehyde proton.  

 

Scheme 2-2 depicts the mechanism of the Riley oxidation  the first step is an “ene” 

reaction to produce an organoselenium intermediate (allyl seleninic acid (65)). This 

intermediate then undergoes a [2,3]-sigmatropic rearrangement to a selenium (II) ester 

which installs the oxygen on the terminal carbon. Loss of selenium (elemental) and water 

affords the observed aldehyde (63).
151-153
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Scheme 2-2: Mechanism of Riley oxidation reaction.
154

 

 

Attempts to form (64) from the crude oxidation product of (62) (i.e. crude (63)) via a 

sodium chlorite-hydrogen peroxide reaction gave a complex mixture of products from 

which (64) could not be isolated. When the aldehyde (63) was purified by column 

chromatography, the product included elemental selenium as a brick red solid that was 

easily removed by filtration through Celite.
154,155

 When the purified aldehyde (63) was 

utilised in the sodium chlorite-hydrogen peroxide oxidation, it was found that there was < 

10% of (64) present in the mixture and the product was still very difficult to purify. Several 

attempts to produce (64) using the sodium chlorite-hydrogen peroxide method were carried 

out with fresh reagents but none gave the desired product in good yield and the small 

amount of product that was produced was extremely difficult to purify.   

 

Attempts at isolating (64) from the reaction mixture of the sodium chlorite-hydrogen 

peroxide oxidation were quite laborious. Several attempts at purification of the acetyl 

protected acid (64) were carried out including; distillation, column chromatography with 

several different solvents and washing the product with base. Washing with base gave 
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enriched fractions of (64), this method was not used as it gave increased risk of hydrolysis 

of the acetate. 

 

Compound (64) does not chromatograph well due to its acid functionality resulting in 

streaking and co-elution with several other reaction products during column 

chromatography. It was hypothesised that if (64) were methylated, purification by column 

chromatography would be easier. Diazomethane was employed to methylate crude (64), 

giving the corresponding methyl ester. However, following methylation, many more 

impurities were found in the mixture. These impurities were not removed by column 

chromatography utilising several solvents and yields were low. Methylation of crude (64) 

was also attempted with oxalyl chloride and methanol in pyridine which gave similar 

results to using diazomethane. 

 

Finally, using the purified aldehyde (63), a sodium chlorite- hydrogen peroxide oxidation 

was carried out and gave, after several chromatography steps, the acetyl protected acid (64) 

which was confirmed by 
1
H NMR, the yield (7%) however, was poor. Although, 

subsequent deprotection of (64) gave (51) in an excellent yield (95%) because of the low 

overall yield and difficulties with purification, alternative routes to (51) were explored.  

 

Other oxidation steps were then attempted in order to find one that would afford pure 

mentiafolic acid (51) with little or no impurities and in a better yield. Microwave oxidation 

of (R)-linalool (42) employing selenium dioxide absorbed onto a solid silica support was 

carried out. This method from Singh
156

 failed furnishing none of the desired product; as a 

result this method was not attempted again. The next oxidation method that was attempted 

on (63) was a silver oxide oxidation as reported by Liu et al.
157

 This step was successful 

although, the yield was low (11%) and gave acid (51) with few impurities.
157

 The silver 

oxide oxidation was also easier and less time consuming as it produced deprotected (64), 

eliminating the deprotection step of the synthesis. 
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2.2  Chiral Analysis of Menthiafolic Acid (51) 

 

In order to investigate the stereochemical relationship between menthiafolic acid (51) and 

wine lactone (50), the absolute configuration of the synthetic acid (51) described above 

was determined. The linalool (42) used for the synthesis comprised 95% of the (R)-

enantiomer as determined by GC/MS analysis. It was essential to ensure that the acid (51) 

used for the hydrolyses largely retained this enantiomeric distribution. Separation of the 

two enantiomers was necessary to determine this. Separation of the enantiomers of (51) 

was first attempted by HPLC as this compound is soluble in aqueous media. A chiral 

column (Chromtech AGP 100, 100 x 4.0 mm) was used and several HPLC solvents were 

trialled. Solvents at several pHs ranging from pH 4 to pH 7 were attempted as were several 

different buffer concentrations (10-60 mM), different organic modifiers (including 

isopropanol and acetonitrile) at a range of concentrations and flow rates (ranging from 0.3-

0.9 mL/min.). Sufficient separation of the two enantiomers was not possible using HPLC 

so GC/MS was attempted. Analysis of (51) was carried out after derivatisation as the 

methyl ester which was then chromatographed on a fused silica column and the two 

enantiomers were separated and showed that the methyl ester (67) (Figure 2-1) and 

therefore the underivatised acid (51) comprised the (R)- and (S)-forms in a ratio of 91:9. 

From these results, it was inferred that approximately 10% of the acid (51) had racemised 

during the synthesis (see Chapter 3 for derivatisation discussion). Optical rotation was also 

carried out and was determined as [α]
22

D = -21.5 
o
; when compared to the literature value 

of the (S)-isomer ([α]
25

D = +19.3 
o
)
136

 presence of mostly the (R)-form was confirmed. 

Both Bonnländer and Luan et al. also reported the synthesis of the (R)-form of compound 

(51) but did not report the optical purity.
35

  

 

 

Figure 2-1: Methyl ester of menthiafolic acid (67). 
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2.3  Hydrolytic Studies of Menthiafolic Acid (51) 

 

2.3.1  Simultaneous Distillation Extraction (SDE) vs Closed Vessel 

Hydrolysis 

 

With acid (51) now in hand, this compound was used in hydrolytic studies to determine 

which enantiomers of wine lactone (50) would be produced during wine aging. Kinetic 

studies by Smyth
146

 had showed that sensorially significant amounts of wine lactone (50) 

could be produced from the acid (51) (but not the glucose ester of (51) (10)) in model wine 

at room temperature after 3 months. In his study of young white wines, Guth
133

 found only 

the (-)-enantiomer of wine lactone (50) as a wine component. If this enantiomer of wine 

lactone (50) had been formed from the acid (51) then this conversion must be 

enantiospecific. Conflicting data has been reported by Bonnländer
134

 and Luan et al.
120

 in 

regards to the stereochemistry of wine lactone (50) produced during the hydrolysis of (R)-

(51) by Simultaneous Distillation Extraction (SDE), using near identical methods. 

Bonnländer observed that a racemic mixture of wine lactone (50) resulted from SDE 

hydrolysis and Luan et al. reported formation of the wine lactone isomers in a ratio of 4:1 

((-):(+)).
120, 134

 Luan et al. conducted hydrolyses with deuterium labeled analogs of (51) (68) 

(Figure 2-2) thus it is unclear whether the discrepancy between the two results was due to 

an isotope effect.
120

 Hydrolysis of the deuterium labelled analog by Luan et al. at 100 
o
C 

showed that the (-)-isomer of wine lactone (69a) found by Guth
124

 was produced from the 

(R)-form of the acid (68) and the postulated mechanism included a [1,3]-hydride shift.
120

 

This mechanism does not account for the 25% production of the other enantiomer of wine 

lactone as it is based solely on the production of the (-)-enantiomer of (69a) from (68) and 

is only valid at high temperatures (100 
o
C) at which the experiments were carried out. 

Results from these experiments cannot be extrapolated to predict that which occurs at 

ambient temperature as these conditions are very different. 
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Figure 2-2: Deuterated analog of (51); (68) used by Luan et al. and the conversion to the 

deuterated analog of (50) (69a) and (69b).
120

  

 

Upon repetition of the above SDE experiments, a near racemic mix of wine lactone ((±) 

(50)) was obtained (Table 2-1). This experiment was repeated with variation in rates of 

heating of the aqueous phase (fast vs. slow). (-)- and (+)- wine lactone (50a and 50b) were 

measured and the ratio formed from the (R)-component of precursor (51) was then 

calculated according to the formula shown which is based on the measured (R)- and (S)- 

forms of (51) (91.5:9.5). This hydrolysis showed that when the aqueous phase was heated 

rapidly (SDE #2), the wine lactone produced from (R)-(51) was near racemic (ee (50a) = 

5%). When the aqueous phase was heated more slowly (SDE #1), slightly more of the 

natural enantiomer was produced (ee (50a) = 22%). Hydrolysis of (R)-(51) under identical 

conditions (100 
o
C and pH 3.2) but in a closed vessel also gave both enantiomers (ee (50a) 

= 9%) slightly favouring the natural enantiomer (Table 2-1). 

 

Figure 2-3: Wine lactone (50) enantiomers observed from menthiafolic acid (51) 

hydrolysates. 
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Table 2-1: Wine lactone enantiomers (50a) and (50b) produced by hydrolysis of 

menthiafolic acid (51) under SDE and closed vessel conditions at 100 
o
C. 

 Closed Vessel SDE 

100
o
C SDE#1

a,b 
SDE#2

a,c 

pH 3.2 Measured 

Ratio
d,e

 

53.5:46.5 ± 0.4 58.5:41.5  ± 0.2 52.0:48.0  ± 1.1 

pH 3.2 Ratio from 

(R)-(51)
f 

54.5:45.5  ± 0.5 61.0:39.0  ± 0.2 52.5:47.5  ± 1.4 

a) average of duplicate measurements of single experiments; b) aqueous phase heated 

slowly to boiling point; c) aqueous phase heated rapidly to boiling point; d) in all cases 

ratio refers to (50a:50b); e) measured ratio; f) ratio corrected for initial stereochemical 

purity of (51) by the formulae: 

Corrected value (50a) = (Uncorrected value (50a) – 9.5) x (100/81); 

Corrected value (50b) = 100- Corrected (50a). 

 

SDE relies on the boiling of an aqueous phase and an organic phase. The organic phase is 

brought to the boil first as this phase needs to be in the mixing zone (see Figure 2-4) as 

soon as any volatiles are produced. The aqueous phase contains the precursors under 

question in an acidic medium (e.g. phosphate-citrate buffer). Once the solvent phase has 

begun to reflux, heating of the aqueous phase can begin. The rate at which the aqueous 

phase comes to boil determines how long the precursors and any possible hydrolysis 

intermediates have to react under higher temperatures and acidic conditions (pH 3.2) prior 

to volatilising and being extracted by the solvent phase. If the aqueous phase is boiled 

quickly, any possible hydrolysis intermediates have little time to react or rearrange as they 

are extracted out of the vapours soon after they are formed. If allowed to heat for longer 

periods prior to boiling, possible intermediates are able to react further and produce other 

reaction products. This affects the compounds produced and can give results that 

misrepresent the true reactions that are occurring during the hydrolytic processes at 

ambient temperatures. The above experiments showed that the rate at which the aqueous 

phase comes to temperature, will affect the results of the hydrolysis of (51) and cyclisation 
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to (50). This difference, could account for the conflicting results observed by Luan et al.
120

 

and Bonnländer
134

  and could also contribute to the differences observed when comparing 

the hydrolyses in a closed vessel and the SDE experiments, as the closed vessel would 

allow more reaction of intermediates as it is not being extracted as occurs with SDE. 

 

Figure 2-4: Example of an SDE set-up using Likens-Nickerson
158

 apparatus. 

 

2.3.2  Racemisation of (-)-Wine Lactone (50a) 

 

Racemisation experiments were also carried out to determine whether the racemate 

obtained from hydrolysis is due to the mechanism of conversion of (51) to wine lactone or 

included racemisation of the (-)-wine lactone (50a) once formed. It was thought that the 

high temperature and acidic conditions of the SDE experiments could have caused the 

racemisation of (-)-wine lactone (50a) after its production from acid (51). It was also 

necessary to determine whether menthiafolic acid (51) was being extracted into the organic 

phase and then being converted into wine lactone (50).  

 

Heating of optically active (-)-wine lactone (50a) at 100
o
C and under acidic conditions was 

conducted. Samples were taken at 2, 4 and 8 hours and were analysed by GC/MS. This 

experiment showed no racemisation over an 8 hour period. As the SDE experiments were 
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carried out over 4 hours (half of the time the original hydrolysis experiment was carried 

out in), it could be concluded that the wine lactone (50) produced was not racemising 

under the acidic conditions and that this racemisation occurred during or prior to 

conversion from (R)-(51). Heating of (R)-(51) in the boiling organic phase for 4 hours 

showed no production of (-)-wine lactone (50a), thus it could be concluded that wine 

lactone is being formed as a result of acid hydrolysis and not by heating of (R)-(51) in the 

organic solvent. These experiments showed that these two variables were not contributing 

to the previously highlighted discrepancy reported by Luan et al. and Bonnländer.
120,134

  

 

2.3.3  Hydrolysis Under Wine-Like Conditions 

 

Samples of 5 mg/L (R)-(51) in model wine at differing pHs of 3.0, 3.2 or 3.4 were allowed 

to stand either at room temperature or at 45 
o
C for 3 months. After the 3 month period, the 

samples were taken and prepared for GC/MS analysis to determine if wine lactone (50) 

was formed and in what enantiomeric ratio. The actual stereoselectivity, taking into 

account the optical purity of the precursor acid, was then calculated as previously and is 

summarised in Table 2-2. These results were highly reproducible and, at room temperature, 

favoured production of the natural (-)-enantiomer of wine lactone (50). This preference 

increased with increasing pH. At 45 
o
C, the wine lactone produced was near racemic. 

Differences between the enantiomeric ratios of ambient temperature samples and those at 

45 
o
C are depicted in Figure 2-5. For the ambient temperature sample, there is a clear 

tendency towards (-)-wine lactone (50a) and at 45 
o
C there is almost equal amounts of each 

enantiomer. 

 

Figure 2-5: Chromatograms of: a) Wine lactone (50) formed at pH 3.2 and 45 
o
C; b) wine 

lactone (50) formed at pH 3.2 and room temperature. 

(+)- enantiomer  (50b)      

(-)-enantiomer (50a) 

(+)-enantiomer (50b) 

(-)-enantiomer (50a) 
a) 

b) 
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Table 2-2: Wine lactone enantiomers (50a) and (50b) produced by hydrolysis of 

menthiafolic acid (51) at room temperature and 45 
o
C. 

 

Ratios 

Ratio (-):(+) 

pH Ambient Temperature
a
 45 ºC

a
 

3.0 Measured Ratio
c,d

 65.5:34.5 ± 0.4 51.0:49.0 ± 0.1 

 Ratio from (R)-(51)
e 69.0:31.0 ± 0.5 51.5:48.5 ± 0.2 

3.2 Measured Ratio 72.5:27.5 ± 1.8 51.5:48.5 ± 0.5 

 Ratio from (R)-(51) 78.0:22.0 ± 2.2 52.0:48.0 ± 0.7 

3.4 Measured Ratio 74.0:26.0 ± 0.7 52.5:47.5 ± 0.2 

 Ratio from (R)-(51) 80.0:20.0 ± 0.9 53.0:47.0 ± 0.3 

a) average of duplicate measurements of triplicate experiments; b) average of duplicate 

measurements of single experiments; c) in all cases ratio refers to (-):(+); d) measured ratio; 

e) ratio corrected for initial stereochemical purity of (51) by the formulae: 

Corrected value (-)-(50a) = (Uncorrected value (-) – 9.5) x (100/81); 

Corrected value (+)-(50b) = 100-Corrected (-). 

 

At room temperature, the hydrolysis of (R)-(51) was dependent on pH. At a high pH (3.4) 

and ambient temperature, hydrolysis showed greater enantioselectivity towards the natural 

(-)-enantiomer of wine lactone (50a). These results corresponded well with that of Luan et 

al. showing a 4:1 ratio of (-):(+) (ee = 60%) thus supporting their proposed [1,3]-hydride 

shift mechanism for formation of (50).
120

 As the pH was lowered, enantioselectivity 

decreased and when conducted at pH 3.0 the ratio decreased to 2:1 (ee. 38%). These results 

are also consistent with the findings of Guth
133

 who found only the (-)-enantiomer in wine. 

Even though wine lactone is produced as both isomers; at room temperature and normal 

wine pH only small amounts of the (+)-enantiomer (50b) is produced. It is reasonable to 

say that it is possible that small amounts of the (+)-enantiomer (50b) were present in the 

wine but due to the very low concentration, it was not detected in  uth’s analyses 
133
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Enantioselectivity is lost when the temperature is increased to 45 
o
C. The greatest amount 

of enantioselectivity that was observed at this temperature was in the pH 3.4 sample (ee. = 

6%). The large difference in the results obtained from room temperature samples versus 

samples hydrolysed at 45 
o
C demonstrates that accelerating hydrolyses by increasing the 

temperature cannot always be extrapolated to that which happens at room temperature, 

thus it is important to exercise caution when interpreting such experiments. It is also 

possible that the mechanism of this hydrolysis could be different at the different 

temperatures and pHs thus accounting for the varying ee.  

 

2.3.4  Mechanism for Transformation of (R)-Menthiafolic Acid (51) to 

Wine Lactone (50) 

 

Both Bonnländer and Luan et al. proposed mechanisms for the transformation of (R)-(51) 

to (50).
120,134

 The mechanism proposed by the latter (Scheme 2-3) is stereospecific and 

does not account for the formation of the (+)-enantiomer despite observing small amounts 

of the (+)-enantiomer in the hydrolysate. It involves dehydration to form a carbocation (70), 

this then undergoes intramolecular cyclization to the intermediate (72) followed by a 

pseudo [1,3]-hydride shift producing intermediate (74). Final cyclisation with concomitant 

trapping of the carbocation produces the observed wine lactone (50) (Scheme 2-3). As a 

monodeutrated form of (51) was used in elucidating the mechanism depicted in Scheme 2-

3, it is possible that an isotope effect could be causing differing results than expected and 

as such this mechanism may not be a good approximation of the formation of wine lactone 

under normal wine conditions.  
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Scheme 2-3: Proposed mechanism for transformation of (51) to wine lactone (50) 

according to Luan et al.
120

  

 

The mechanism proposed by Bonnländer (Scheme 2-4) is not stereoselective and would 

produce racemic wine lactone during the hydrolysis of (51). It starts with an intramolecular 

cyclisation with the loss of H2O to form carbocation (75). This then undergoes 

deprotonation to reinstate the double bond at C-2 forming intermediate (76) at which point 

chirality is lost. Carbocation (75) then undergoes a rearrangement to form a dienol (77) 

which then undergoes intramolecular cyclisation to form a 5-membered heterocyclic ring 

(78) which can then tautomerise to form wine lactone (50).  This mechanism would result 

in the formation of racemic wine lactone which was not observed in all hydrolyses.  
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Scheme 2-4: Proposed mechanism for transformation of (51) to wine lactone (50) as 

according to Bonnländer.
134

 

 

Given the findings of this research, a rationale can now be provided for the reported 

discrepancies observed in the work of Luan et al.
120

 and Bonnländer.
134

  It is possible that 

both mechanisms for the formation of wine lactone (50) (Schemes 2-3 and 2-4) are in 

operation. At low temperatures (ambient temperature), the formation of wine lactone (50) 

is stereospecific and results in the formation of essentially one enantiomer, this being the 

(3S, 3aS, 7aR)-(-)-enantiomer. As the temperature is raised, the probability that the highly 

strained intermediates (71) and (74) would form will be greatly diminished due to rapid 

conformational flipping thus decreasing their lifetime and resulting in a less significant 

likelihood of wine lactone (50) production. The increase in temperature now favours the 

alternative mechanism of Bonnländer
134

 (Scheme 2-4) and allows for rapid racemisation 

during the formation of wine lactone as observed for hydrolyses conducted at 45 
o
C and 

100 
o
C. The use of a mono-deuterated form of acid 51 by Luan et al.

120
 could influence the 

stability of the intermediates (71) and (74) allowing the formation of wine lactone (50) in 

near enantiomerically pure form.  

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 



Chapter 2: Synthesis and hydrolytic studies of (R)-menthiafolic acid 
 

40 

 

2.4  Conclusions 

 

The (6R)-enantiomer of menthiafolic acid (51) was synthesised from (-)-linalool (42) via 

acetylation to linalyl acetate (62) in 71% yield. Acetate (62) was subsequently oxidised via 

Riley oxidation to the aldehyde (63) in 28% yield; through further oxidation with silver 

oxide (R)-(51) was obtained in 11% yield. This method was found to be more efficient than 

sodium chlorite-hydrogen peroxide oxidation and provided the requisite (R)-(51) in 

acceptable yield and excellent purity.  

 

The (6R)-enantiomer of menthiafolic acid (51) produced different ratios of the natural (3S, 

3aS, 7aR)-enantiomer of wine lactone (50a) and its (3R, 3aR, 7aS)-enantiomer (50b) under 

normal wine storage conditions. Variations in pH and temperature affected the ratio at 

which the wine lactones were produced. At pH 3.4, stereoselectivity was greater producing 

more of the natural enantiomer with the ratio of (-):(+) (i.e. (3S, 3aS, 7aR):(3R, 3aR, 7aS)) 

being 4:1. This observation is consistent with the findings of Guth
133

 that wine lactone was 

found in wine in only the one, more odiferous, form. Over time it is possible that wine 

lactone (50) would be produced in wine from (51), so much so, that it would be able to 

produce a sensorial response in tasters providing that menthiafolic acid (51) is present in 

grapes as mainly the R-enantiomer. The less aromatic (+)-enantiomer (50b) would also be 

produced in small quantities, therefore not all of the wine lactone present in a wine would 

be contributing to its aroma.  

 

A rationale for the mechanism of production of wine lactone (50) from menthiafolic acid 

(51) has been proposed and includes two different mechanisms each more predominant at 

different temperatures. The first mechanism is that proposed by Luan et al. and accounts 

for the stereoselectivity observed at low temperatures (ambient temperature). This 

mechanism is only possible at low temperatures due to instability of the highly strained 

intermediates (71) and (74). The second mechanism is that proposed by Bonnländer and 

forms a racemate of wine lactone (50) which was observed in hydrolyses at higher 

temperatures (45 
o
C and 100 

o
C). This mechanism is dominant at high temperatures as the 

intermediates are less strained and would have a longer lifetime.                                      .
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Chapter 3: Development and Application of a SIDA Method for 

Menthiafolic Acid (51) 

 

Stable Isotope Dilution Assay (SIDA) is a well-known method for the quantification of 

analytes in wine.
90,110-112,115

 Where many quantification methods use an internal standard 

that has properties as close as possible to that of the analyte, SIDA methods utilise a 

deuterated analog of the analyte. The use of a deuterated analog ensures that the analyte 

and internal standard will act as similarly as possible during isolation, concentration and 

analysis, thus minimising any variation in recovery and chromatography of analyte 

compared to internal standard. 

 

The method development herein begins with the synthesis of a deuterated analog of 

menthiafolic acid (51). Following that, analysis of pure (51) in an organic solvent was 

conducted to ensure the efficiency and sensitivity of the instrument being used. Extraction 

techniques were then investigated in order to ascertain an optimal method that would 

produce extracts that were clean enough and contained enough of the analyte to be 

analysed by GC/MS. Ions used for selected ion monitoring (SIM) were then selected and a 

GC/MS method was developed and validated. This was then employed to analyse grape 

and wine samples for the presence of acid (51). 

 

3.1  Synthesis of d5-Menthiafolic Acid (83) 

 

d5- Menthiafolic acid (83) was synthesised from 6-methyl-5-hepten-2-one (78) in five steps 

as shown in Scheme 3-1. The first step was to synthesise the d5-analogue of 6-methyl-5-

hepten-2-one (79) followed by a Grignard reaction reported by Keinan et al. to produce d5-

linalool (80).
120

 This was then utilised to produce the pure acid (83) in a method analogous 

to that used to produce pure (R)-(51) as discussed in Chapter 2.  
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Scheme 3-1: Synthesis of d5-menthiafolic acid (83). 

 

6-Methyl-5-hepten-2-one (78) was treated with deuterium oxide and pyridine with a 

catalytic amount of sodium hydride to afford the d5-analogue (79) in 72% yield. Mass 

spectral analysis (Figure 3.1) was carried out after this first step showing that there was no 

d0-78 present (due to the lack of a 126 ion which is the parent ion of (78)) and that the 

major component of the mixture was d5-(79) (Figure 3-1). Addition of the terminal vinyl 

group was carried out by reaction with vinylmagnesium bromide resulting in production of 

d5-linalool in 60% yield. The d5-linalool (80) was then taken through the same route used 

for synthesis of undeuterated menthiafolic acid (51) as described in Chapter 2. After each 

step of the synthesis, GC/MS analysis was conducted in order to ensure that the product 

had retained the deuterium labels. This synthesis was successful and (83) was isolated for 

use as an internal standard for the SIDA analysis to be carried out in wine samples.
 1

H 

NMR also showed that there was none of the d0-(83) present with a complete loss of the 
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methyl resonance at C-6 and the loss of the methylene resonance at C-5 as outlined in 

Table 3-1. 

 

Figure 3-1: Mass spectrum of (79): a) Full mass spectrum; b) Mass spectrum zoomed in 

on parent ions. 

 

 

 

a) 

 

 

 

 

 

 

 

 

 

b) 
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Table 3-1: 
1
H NMR parameters for (R)-menthiafolic acid (51) and d5-menthiafolic acid 

(83) in CDCl3 [400 MHz]. 

1
H Signal  (multiplicity) ppm 

                   (51)                    (83) 

H3               6.89 (td) 6.89 (td) 

H7               5.91 (dd) 5.91 (dd) 

H8a               5.24 (dd) 5.23 (dd) 

H8b               5.10 (dd) 5.10 (dd) 

H4           2.29-2.21 (m) 2.27-2.20 (m) 

CH3 (2)                1.84 (s) 1.83 (s) 

H5                1.62 (m) - 

CH3 (6)                1.32 (s) - 

Menthiafolic acid (51): J3-4 = 7.5 Hz; J3-5 =1.4 Hz; J7-8a =17.3 Hz; J7-8b 

= 10.8 Hz; J8a-8b = 1.0Hz 

d5-Menthiafolic acid (83): J3-4 = 7.5 Hz; J3-5 = 1.4 Hz; J7-8a = 17.3 Hz; 

J7-8b = 10.8 Hz, J8a-8b = 0.9 Hz 

 

3.2  Quantification of Menthiafolic Acid (51) in Wine 

3.2.1  Preliminary Analyses of Menthiafolic Acid (51) by GC/MS 

 

A concentrated sample of acid (51) was analysed to determine the retention time and to 

select ions for the analysis. A calibration curve of pure samples was then analysed to 

ensure a linear relationship between peak area and concentration. This analysis failed as 

(51) was not observed in any of the samples. This was attributed to losses during 

chromatography. From the previous analyses of the synthetic sample, the peak for (51) was 

very broad and exhibited tailing, it was not detectable below a concentration of 1 mg/mL. It 

was thought that due to the lack of sensitivity (< 4000 µg/L), derivatisation to the methyl 

ester (67) may be of benefit as it would decrease the polarity and thus minimise any losses 

and tailing on the GC column. 
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3.2.2  Derivatisation 

 

Derivatisation was carried out with diazomethane. Diazomethane is a common 

derivatisation reagent that is used to methylate acids for GC/MS analysis.
159-163

 This 

reagent is useful as it reacts almost instantaneously with organic acids to produce the 

methyl ester.
164

 This reaction was selective and produced the ester in high yield with very 

few by-products (Scheme 3-2).
164

  

 

Scheme 3-2: Mechanism for methylation of organic acids with diazomethane. 

 

Mass spectral analysis (Figure 3-2) identified several potential ions to be used in the SIM 

analysis of ester (67). This analysis also confirmed that (83) had five deuterium labels 

incorporated within its structure and showed the presence of m/z 185 for d5-(67) compared 

to the m/z 180 for (67). The methyl ester of (83) retains the incorporated deuterium labels 

sufficiently and has several fragments that are different from that of unlabelled 

menthiafolic acid methyl ester (67). 

 

Derivatisation of the calibration samples with diazomethane gave better sensitivity and 

peak shape and a preliminary calibration curve was constructed. A series of standard 

additions of (51) in dichloromethane were derivatised with diazomethane and analysed by 

GC/MS. This curve showed a linear relationship between peak area and concentration (r
2
 = 

0.9959). Calibration samples were prepared at concentrations of 0, 100, 250, 500, 1000, 

2000 and 4000 ng/L. As the relationship was observed to be linear, extractions of (51) from 

model wine were carried out to develop an efficient method for this extraction.  
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Figure 3-2: Mass spectra of: a) Methyl ester of d5-(83) and b) Unlabelled ester (67). 

 

3.2.3  Extraction of Menthiafolic Acid (51) from Model Wine 

 

Model wine (10% v/v ethanol) was used for preliminary extractions as this medium is 

much simpler than an actual wine for analysis. This allows extractable compounds to be 

more readily observed rather than from a real wine. The first extraction attempted was 

liquid extraction as this is the simplest extraction method. Liquid-liquid extractions were 

carried out on 5 µg/L solutions of (51) in model wine with polar solvents (i.e. ethyl acetate 

and ether). Polar solvents were used as (51) is itself polar due to its carboxylic acid and 

hydroxyl moieties. Extracts from these liquid extractions were methylated, concentrated 

a) 

b) 
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and analysed by GC/MS but the chromatography included many co-eluting peaks and the 

peak area of (67) was weak. 

 

As liquid-liquid extraction was not successful in terms of sensitivity, Solid Phase 

Extraction (SPE) was attempted.  Several sorbents and elution solvents were trialed in 

order to extract (51) from model wine in a good yield. Sorbents investigated were SepPak 

C18, Ultra Clean Phenyl and Strata SDB-L. SepPak C18 is a silica based octadecyl bonded 

phase and shows strong hydrophobicity. It is good for adsorbing even weakly hydrophobic 

compounds. Ultra Clean Phenyl is a silica based phase with an aromatic structure. It is a 

non-polar sorbent that is highly selective for adsorption of aromatic compounds. Strata 

SDB-L is a styrene-divinylbenzene sorbent that offers hydrophobic and aromatic selectivity 

for reversed phase applications. Each of these sorbents were used in conjunction with 

different elution solvents in order to find a pair that would extract (51) as efficiently as 

possible.  

 

Model wines were spiked with 5 µg/L of (51) and extracted with one of the three solid 

phases described above. Each sorbent was then eluted with either dichloromethane or 

diethyl ether.  SDB-L, a styrene divinyl benzene resin, was the most efficient solid phase 

and diethyl ether was the most efficient elution solvent for extraction of (51) from model 

wine. Extracts produced from extraction of the model wine solution with SDB-L and 

elution with diethyl ether gave, after methylation, a peak depicting (67) with a larger peak 

area and without as much interference as any of the other sorbent/solvent combinations. 

The extraction efficiency when compared to a pure sample at 1250 µg/L (theoretical 

concentration of (51) in an extract with 100% extraction) was 79% for this extraction. The 

phenyl resin was the least efficient at extracting (51) and none of the methyl ester (67) was 

observed in the chromatogram showing that (51) was not present in the underivatised 

extract. The lack of (67) observed in the wine extracts produced by extraction with Ultra 

Clean Phenyl cartridges showed that (51) was either being adsorbed onto the resin and not 

eluted with the elution solvent or that it passed through the resin and was not adsorbed at 

all.  
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Model wine solutions spiked with 0, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1, 3 and 5 µg/L were 

extracted using SDB-L resin to determine the lowest concentrations that the method would 

allow sufficient quantities of (51) to be extracted and observed by GC/MS once converted 

to (67). This experiment showed that at concentrations below 300 ng/L, (67) was not 

observed in the GC trace. This sensitivity, nevertheless is better than that of underivatised 

acid (51). When these results were plotted as a calibration curve, an r
2
 value of 0.9960 was 

observed showing linearity between peak area and concentration when using SPE to extract 

(51). Despite the lack of internal standard, this relationship shows a consistent extraction 

efficiency for each sample. 

 

3.2.4  Extraction of Menthiafolic Acid (51) from White Wine 

 

The optimised method for extraction of (51) from model wine was next trialled for white 

wine but proved inefficient. It was thought that this was due to the effects of other wine 

components competing for absorption on the solid phase. As such, several other methods to 

extract (51) from wine were investigated.  

 

The first attempt was to neutralise wine samples, wash with pentane:dichloromethane (2:1), 

acidify to pH 3.2 with tartaric acid and then use SDB-L resin to extract the resulting wine. 

This method was based on the theory that (51) was experiencing a matrix effect where 

other compounds in the wine were keeping (51) in solution rather than allowing adsorption 

onto the resin. Neutralisation would deprotonate (51) and thus it would be forced into the 

aqueous phase, therefore it would not be removed when washed with 

pentane:dichloromethane while other compounds would. Acidification would take acid (51) 

back to its protonated form which could then be extracted using SDB-L. Samples were then 

concentrated and derivatised with diazomethane and analysed by GC/MS.  This analysis 

showed that this extraction method was unsuccessful as there was no (67) detected in the 

GC trace. 

 

A pre-clean of the wine prior to extraction was also attempted. As it was previously 

observed that the Ultra Clean phenyl cartridges were unsuitable for adsorption of (51), this 
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resin was used in the belief that (51) would pass through the resin whilst other wine 

components would be retained. The eluate was then extracted with SDB-L resin, 

derivatised and analysed by GC/MS but again, none of the ester (67) was detected.  

 

Liquid-liquid extraction with ethyl acetate after saturation of the wine with NaCl was 

attempted. The ethyl acetate extract was then concentrated, derivatised and analysed by 

GC/MS but, no (67) was observed in the extract. Continuous liquid extraction was also 

attempted. Wine (250 mL, no spike) and wine (250 mL) spiked with (51) (5 µg/L) were 

both salted with 25 g NaCl. These solutions were extracted with 200 mL of 

dichloromethane for 16 hours. The extract was then washed with brine (2 x 100 mL), dried 

(MgSO4), concentrated to 5 mL by using a Vigeraux column then dried under a stream of 

nitrogen. Derivatisation with diazomethane was carried out and the sample was analysed 

by GC/MS. These analyses showed methyl ester (67) by GC/MS; significant amounts of 

this compound were also present in the unspiked wine. Although this method successfully 

extracted (51) from wine, it was not optimal for use as an analytical method as it is quite a 

long and laborious method. Other attempts were therefore made to optimise this method. 

 

SPE from white wine was also attempted with several other resins including Amberlite 

FPX-66, Supelite DAX-8, Amberlite XAD-2 and LiChrolut EN. Amberlite XAD-2 is a 

macroreticular styrene divinylbenzene resin that is often used to produce glycoside extracts 

from grapes.
39,91,165

 Supelite
TM 

DAX-8 is an acrylic ester adsorbent resin commonly used 

for removal of humic substances from water samples.
166-168

 Amberlite FPX-66 is a 

macroreticular, non-functionalised resin used for decolourisation of sunflower oil.
169

 

Strata-X resin is a reversed-phase, polymeric resin used for aromatics and neutral 

compounds and is commonly used for the extraction of drugs from biological samples.
170-

173
 LiChrolut EN is a poly (styrene-divinyl benzene polymer) which is excellent for 

extraction of environmental
174-176

 and biological samples.
177

 LiChrolut EN combined with 

the diethyl ether as the elution solvent showed the best sensitivity with the least amount of 

interferents with the analyte and was used for further method development for analysis of 

acid (51) in white wine.  
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3.2.5  Identification of Menthiafolic Acid (51) in White Wine 

 

Bonnländer first observed the acid (51) in XAD-2 extracts from an Albiño wine that had 

been purified by Multi-Layer Counter Current Chromatography (MLCCC).
134

 None of the 

previous reports of this compound in wine have included any chiral analysis of 

menthiafolic acid (51). We sought to confirm the presence of acid (51) in a Chardonnay 

wine by co-injection and to conduct chiral analyses to confirm the stereochemistry of acid 

(51) in wine. 

 

Continuous liquid extraction of an unspiked wine showed significant amounts of ester (67) 

present in the derivatised sample. The GC peak assigned as (67) had a mass spectrum 

identical to that of an authentic sample of (67) and upon addition of synthetic (67), the 

peak was symmetrically enhanced (Figure 3-3). This showed that (67) was present in 

significant concentrations in the derivatised wine extract.  

 

 

Figure 3-3: Peak enhancement upon addition of authentic methyl ester (67). 

 

Added 

 

Blank 
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In order to confirm that (67) observed in the wine sample was actually due to derivatisation 

of (51) rather than it being already present as a wine component, an underivatised wine 

sample and a derivatised wine sample were compared (Figure 3-4). This comparison 

showed no detectable amounts of (67) in the underivatised sample confirming that (67) 

observed in derivatised wine samples was due to the presence of (51). 

 

 

Figure 3-4: GC traces of derivatised and underivatised white wine sample. 

 

3.2.5  Identification of Wine with a Low Concentration of Acid 51 

 

As previously mentioned, it was found that for a real wine (51) was present in the unspiked 

sample. This makes developing a sensitive method quite difficult as the limit of detection 

can only be as low as the blank wine that is utilised for calibration. It was essential to find a 

wine that had low to no (51) present in order to develop a more sensitive method. Several 

blended bag-in-box wines were analysed to find one with the lowest concentration of (51). 

In a quick, semi-quantitative analysis, it was found that all of the wines investigated 

contained large amounts of (51) (> 50 µg/L). As the blended wines contained (51) in high 

concentrations, varietal wines were investigated. A Chardonnay, Sauvignon Blanc, 

Verdehlo and Voignier were analysed as these varieties are not monoterpene dependent 

Derivatised 

Underivatised 
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varieties and it was thought that, as such, (51) would not be present in high concentrations. 

These wines each showed a presence of (51) but the Verdehlo was observed to contain the 

least (51) (< 40 µg/L). Consequently, this wine was used as a “blank” wine for further 

method development for the analysis of acid (51) in wines. 

 

3.2.6   Development of a GC/MS Method 

 

A method that could be applied to a range of wines was developed. It was now important to 

ensure that the GC/MS program to be used for the analysis was able to easily differentiate 

the methyl ester of menthiafolic acid (67) from d5-(67). The GC trace showed that both 

compounds eluted at similar retention times with some overlapping so it was essential to 

choose ions specific to each compound for the quantification. Derivatised samples of (51, 

83) and a mixture of the two were analysed. The ions used for analysis of (67) in previous 

analyses were also observed in the sample of d5-(67), this would not allow differentiation 

of the two peaks and new ions would have to be investigated for their potential for use in 

this method. Ions of this compound (67) that were not also observed in d5-(67) were m/z 

148, 180 and 166, none of which are major ions in the compound (Figure 3.2 a). Ions for 

d5-(67) that were not also observed in (67) were m/z 185, 169 and 184, also not major ions 

for this compound (Figure 3-2 b). The ions mentioned above are small ions in the mass 

spectra of these compounds and as such would give a far less sensitive quantification 

method than if larger ions were used. Thus, separation of the two analyte peaks was 

considered necessary. 

 

The ZB-Wax column previously used for analysis was a 30 m column and despite all 

attempts, separation of the analyte (67) from the internal standard (d5-67) was not possible. 

A longer VF-Wax column (60 m) was utilised. After several attempts, baseline separation 

of the two analytes was successful thus more intense ions could be chosen for the 

quantification. For quantification by SIM, it is essential to choose ions to be quantifiers and 

qualifiers. Quantifiers are the ions used to determine the concentration of the compound in 

question; the area of the quantifying ion peak is used to calculate this concentration. 

Qualifiers are ions used to confirm that the peak is in fact, the compound of interest and if 

these ions are not present (and in the correct pre-determined ratios), the peak is not 
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identified as this compound. Quantifiers chosen for this analysis were m/z 71 for (67) and 

m/z 74 for d5-(67). Qualifiers were m/z 117, 121, and 180 for (67) and m/z 46, 153 and 185 

for d5-(67). 

 

3.2.7   Construction of Calibration Functions 

Initial standard addition curves were prepared in white wine (Verdehlo) as it was thought 

that (51) would be more important to white wine as wine lactone has previously been 

observed mostly in white wines. The ions used to construct the standard addition curve in 

white wine were m/z 71 for (67) and m/z 74 for d5-(67). These ions were chosen based on 

the consideration of their abundance, interference with similar ions belonging to other 

compounds and signal to noise ratio. Qualifiers used were as mentioned above. The 

standard addition calibration curve in white wine was linear throughout the range 5-2000 

µg/L with a coefficient of determination (r
2
) of 0.9985 (Figure 3-5).  

 

As (51) was endogenous in the white wine samples, a standard addition curve in model 

wine was also constructed. The use of a model wine curve would allow a true zero value 

and a more sensitive method to be obtained. The model wine curve was linear throughout 

the range 0-2000 µg/L with an r
2
 of 0.9994 (Figure 3-5).  

 

In order to determine whether menthiafolic acid (51) was also present in grape juice as well 

as wine or if it is only formed after fermentation, a standard addition curve was also 

prepared in a white grape juice to validate the method in this medium. The grape juice 

curve was linear throughout the range 0-2000 µg/L with an r
2
 of 0.9993. Red wine was also 

analysed for (51) content but a curve was not constructed for this medium as the method 

was shown to be linear for all other various media analysed. 

 

Red wines were treated with Polyvinyl (Poly) Pyrollidone (PVPP) prior to extraction. This 

was carried out to remove polyphenols which might interfere with the analysis. Internal 

standard was added prior to this treatment so as to account for any losses of (51). Once 
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treated with PVPP, wines were centrifuged and the supernatant taken for SPE. Red wines 

were extracted and analysed as per the method used for white wine and juice samples after 

this treatment.  

 

Figure 3-5: Standard addition curve of (51) in white wine, model wine and grape juice 

including lines of best fit, line equations and r
2
.  

 

All points on the curve were highly reproducible and reproducibility increased with 

concentration for white wine. Accuracy also increased with concentration for white wine 

(Table 3-2). The LOD was 5 µg/L and the LOQ was 15 µg/L. The juice standard addition 

curve followed the model wine curve more closely than the white wine curve, each having 

the same slope. The white wine curve followed the model wine curve quite close but had a 

slightly lower slope, the differences were very small.  

 

Table 3-2: Accuracy and precision of replicates in white wine. 

Unspikeda Addeda Measureda,b (%) Differencec SD spiked (%) SD% total 

45 10 57 3.5 8 1 

45 500 558 2.6 3.6 3.2 

a
Reported in µg/L. 

b
Average of 6 replicates; 

c
Difference between the amount expected and 

amount measured. 

y = 0.0047x 
r² = 0.9994 

y = 0.0045x + 0.3507 
r² = 0.9985 

y = 0.0047x + 0.1314 
r² = 0.9993 
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3.3  Analysis of Grapes and Wines Using the SIDA Method and (82) 

 

In total, 29 white wines, 4 red wines and 6 juice samples were analysed for acid (51) using 

the developed SIDA method (Tables 3-3 and 3-4). The concentration of (51) in wines 

analysed ranged between < 10 µg/L to 342 µg/L. White wines showed a large range of 

concentrations between < 10 µg/L to 342 µg/L. The range for the red wines, which were a 

smaller group, was narrower- ranging from 106 µg/L to 140 µg/L. This is undoubtably due 

to the fact that only one variety of red wine was analysed compared to 13 different varieties 

of white wine.  

 

Of all of the white wines, Chardonnay C (193.5 µg/L), Gerwürtztraminer (272.2 µg/L) and 

Lexia (342.1 µg/L) had the highest concentrations of (51). It is interesting to note that 

Guth
124

 first discovered wine lactone in Gerwürtztraminer and Scheurebe wines at the same 

concentration of 0.1 µg/L and in this study, the former variety showed the largest amount 

of the precursor compared to all other varieties (Table 3-4). Scheurebe was not analysed as 

it is a difficult variety to obtain in Australia but as it presented with similar amounts of 

wine lactone as the Gerwütztraminer in the studies of Guth
79

 it might also contain similarly 

large amounts of (51). As (51) is present in this Gerwürtztraminer wine in a relatively high 

concentrations (272 µg/L), it is reasonable to expect that wine lactone (50) would be 

present in concentrations well above its odour detection threshold after only one year of 

aging based on kinetic studies by Smyth,
146

 provided that the wine lactone (50) formed is 

the same enantiomer reported by Guth.
133

  

 

Chardonnay wine, a wine that can undergo aging especially if it is high in acidity, is also 

quite high in (51) which would also produce a significant concentration of wine lactone 

after only one year of aging. Lexia, a monoterpene dependent variety showed the highest 

concentration of (51) of all the wines analysed. Lexia is produced from Muscat grapes and 

can be aged from 5 to 8 years. If aged, this wine would also produce large amounts of wine 

lactone. As wine lactone (50) has such a low odour detection threshold (10 ng/L in model 

wine), only small amounts would need to be present for it to be above its odour detection 

threshold in the wine and, in the case of Gerwürtztraminer, Chardonnay C and Lexia even 

low conversions of (51) would produce wine lactone (50) above its odour detection 



Chapter 3: Development and application of a SIDA method for menthiafolic acid  
 

   56 

 

threshold. It is also interesting to note that the Shiraz red wines had significant quantities of 

(51). As Shiraz wines are most often aged prior to drinking, these wines could contain quite 

large amounts of wine lactone (50) once they are opened for consumption. It is quite likely 

that wine lactone could be contributing significantly to the bouquets of each of these wines. 

These considerations all depend on the wine lactone produced by aging having the same 

absolute stereochemistry (3S, 3aS, 7aR) as the enantiomer observed in young German white 

wines by Guth.
133

 

 

Some of the grape samples analysed also showed significant amounts of (51). Once again, 

the Gerwürtztraminer had the highest amount of (51) observed with a concentration of 235 

µg/L. To the best of our knowledge, this is the first report of (51) as a free grape 

component. This amount of (51) in these grapes would most likely produce wine lactone 

above its odour detection threshold in the wines produced from these grapes. 

Gerwürtztraminer had significantly higher concentrations of (51) than all of the other 

grapes with the next highest, Sauvignon blanc, containing more than 100 µg/L less (51) 

with a concentration of 105 µg/L. The other varieties only showed comparatively small 

amounts (< 50 µg/L) of (51). As the wines analysed were not produced from the grape 

samples also analysed in this study, the (51) content can not be compared, although it is 

interesting to note that there is significantly less (51) in most of the grape samples when 

compared to the wine samples. It is possible that (51) could be produced from other 

precursors in the grapes during winemaking practices such as fermentation and barrel aging 

this possibility was investigated and is described in Chapter 4. 

 

Table 3-3: Quantities of (51) in grape samples using the developed SIDA method. 

Variety Location Sugar (brix) pH Conc (µg/ L) %SD 

Chardonnay Lenswood 17.2 3.45 44 0.9 

Gerwürtztraminer Lenswood 20.2 3.71 236 0.7 

Riesling Eden Valley 18.8 3.09 28 10 

Sauvignon Blanc Lenswood 17.8 3.34 105 0.5 

Semillon 

 

13.6 3.35 16 1.8 

Viognier 

 

13.8 3.93 27 2.6 
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Table 3-4: Concentrations (µg/L) of acid (51) observed in wines. 

Variety Location  % Alcohol Year Conc. (µg/L) % SD 

Whites 

     Chardonnay A Barossa 12.5 2011 146 9.2 

Chardonnay B Margaret River 13.5 2010 75 0.2 

Chardonnay C Padthaway 12.5 2011 194 0.7 

Chardonnay D Renmark 13 2011 165 0.4 

Chardonnay E 16/05/2007, 301 

 

2007 234 1.4 

Chardonnay F Yarra Valley 13.5 2010 160 12 

Chardonnay G SA 12.5 2010 138 1.2 

Riesling A Barossa 11 2010 83 2.1 

Riesling B SE Australia 12 2010 95 5.0 

Semillon Sauvignon Blanc  

A Nuriootpa 12.5 2010 118 0.4 

Semillion Sauvignon Blanc 

B Australia 

 

2010 121 3.9 

Semillon  Hunter Valley 11 2010 128 2.3 

Viognier A NSW 13.5 2011 148 4.7 

Viognier B Vic 13.5 2009 <10 3.1 

Moscato A NSW 5 2011 143 4.8 

Moscato B NSW 5 2011 116 7.3. 

Lexia Vic 10.0 2011 342 3.4 

Sauvignon Blanc SA 10.5 2011 98 3.0 

Marsanne Pézenas 13.5 2010 115 4.7 

Gerwürtztraminer Eden Valley 13 2009 272 2.6 

Pinot Grigio Adelaide Hills 12 2011 26 19 

Pinot Gris King Valley 13.5 2010 41 0.3 

Verdelho NSW 13.5 2011 45 3.1 

Blended dry white A Vic 9.5 2011 79 1.1 

Blended dry white B SA 11 2010 45 3.3 

Blended dry white C SA 9.5 2011 60 0.2 

Blended dry white D Vic 9.5 2010 66 2.0 

Blended dry white E NSW 11 2010 41 0.02 

Reds 

     

Shiraz A 

Mount Lofty 

Ranges 14.5 2010 140 1.5 

Shiraz B NSW 13.5 2010 140 1.3 

Shiraz C NSW 14 2010 113 0.7 

Shiraz D Orange 13.5 2009 107 1.8 
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3.4  Chiral Analysis of Menthiafolic Acid (51) in Wine Samples 

 

Chiral analysis of (51) in the wines which contained higher concentrations of (51) was next 

carried out. These chiral analyses were necessary as it was important to determine which 

form of menthiafolic acid (51) was present in the wine in order to predict which form of 

wine lactone (50) would be formed. Initially a cyclosil-B GC/MS column (30 m) was used 

for the analysis. This column did not show sufficient separation of the two enantiomers 

without interference so a Cyclodex-B (30 m) column was then tried; this gave baseline 

separation. Once a method had been developed for the separation of the enantiomers of 

(51), analysis of wine samples was conducted. Only the wine samples with high amounts 

of (51) were analysed as chiral analysis is generally less sensitive due to the separation of 

each enantiomer. 

 

Previous studies by Luan et al. showed that linalool oxidation products generally are 

present in wine as the (6S)-form determined in V. vinifera cvs Morio Muskat and Muscat 

Ottonel.
178

 From these analyses, it was observed that the wines analysed also contained 

mostly the (6S)-enantiomer) of (51) and that the (R)-enantiomer was not present in greater 

than 23% of the total amount of (51) present. Samples were spiked with authentic (R)-(51) 

and analysis showed that only the smaller peak was enriched confirming this as the (R)-

enantiomer. The larger (51) peak showed no enrichment when authentic (R)-(51) was 

added, thus it was confirmed that the most abundant enantiomer of (51) present in the 

analysed wine samples is, in fact, the (S)-enantiomer. These results confirm the prediction 

of Luan et al.
178

 had who had presumed that because linalool (42) is almost exclusively 

present in these wines as the (6S)-form (> 90%), acid (51) which is an oxidation product of 

linalool might also be expected to be observed in wines as predominantly the (6S)-form.
178
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Table 3-5: % of (R)-(51) and (S)-(51) in various wines. 

Sample  Location (R) % (S) % SD 

Wine 

    Chardonnay C  Padthaway 10.9 89.1 1.1 

Gewurtztraminer  Eden Valley 23.2 76.8 0.5 

Shiraz A  Mount Lofty Ranges 17.4 82.6 0.2 

Shiraz B  Central Ranges, NSW 19.6 80.4 2.8 

Grape 

    Gewurtztraminer  Lenswood 15.3 84.7 0.8 
    a

 Percentage of total (51) present. 

 

 

As discussed in Chapter 2, (R)-(51) produces predominantly (-)-(50), this being the more 

odiferous form of (50). If most of the precursor acid (51) present in wine is the (S)-

enantiomer, it is reasonable to assume that the (+)-enantiomer of wine lactone (50) would 

be the dominant enantiomer in wine. This enantiomer is relatively non-odiferous when 

compared to the (-)-enantiomer with an odour detection threshold of > 1000 ng/L in air. 

Chiral analysis of wine lactone extracted from wine would need to be carried out in order 

to confirm whether this is, in fact, the case; this is described in Chapter 5. 

 

3.5  Conclusions 

 

Synthesis of (83) was carried out by first producing the deuterated analog of (78) that being 

(79). This then underwent a Grignard reaction to produce deuterated linalool (80) which 

was then taken through to (83) via a method analagous to that used to produce (R)-(51) 

which entailed acetylation to d5-linalyl acetate (81), Riley oxidation to the aldehyde (82) 

and finally, silver oxide oxidation to (83). 

 

Several extraction methods were trialled and SPE with LiChrolutEN was the best. 

Synthesised (83) was then used in the development of a SIDA method for the analysis of 

acid (51) in wines. In order to obtain the sensititvity required to analyse (51) by GC/MS it 

was neccessary to derivatise (51) to the methyl ester (67). This was carried out with 

ethereal diazomethane. Calibration functions were prepared for the analysis of (51) in 

white wine, model wine and grape juice. All were in good correlation with each other and 
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model wine extracts were used to produce curves for the analytical procedure as this 

allowed a true zero to be obtained.  

 

Once developed, the SIDA method was used to analyse 29 white wines, 4 red wines and 6 

juice samples. The concentration of (51) present in wines ranged from < 10 µg/L to 342 

µg/L with Lexia being the wine with the highest concentration of (51). Overall, grape 

samples showed less (51) with Gerwürtztraminer once again containing the highest 

concentration of (51) of all the grapes analysed. Menthiafolic acid (51) was observed as a 

free compound in grapes for the first time.  

 

Chiral analysis of the wines with higher concentrations of (51) present was carried out and 

showed that the (S)-enantiomer of (51) is more prevalent in wine samples than the (R)-

enantiomer which leads to the presumption that (50) present in older wines might be 

predominantly the odourless (S)-(+)-enantiomer. 
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Chapter 4: Fermentation Studies on Menthiafolic Acid Glucose 

Ester (10) 
 

 

Winterhalter et al.
179

 first observed the glucose ester of menthiafolic acid (10) in a Riesling 

wine and postulated that it could be a precursor to wine lactone (50). Later studies by 

Smyth
146

 found that acid hydrolysis of this compound at ambient temperature did not 

produce wine lactone (50) in a concentration that was detectable by GC/MS analysis. This 

showed that the glucose ester (10) is not a significant precursor to lactone (50) via acid 

hydrolysis. Analyses by Guth
53

 on a wine prior to fermentation and after fermentation 

showed that the concentration of (50) doubled during this process. This suggests that 

fermentation could play a role in the release of wine lactone (50) during the wine making 

process. Previous studies by Winterhalter and Bonnländer
180

 investigated the influence of 

fermentation on acid (51). Fermentation by several yeast strains, including oenological 

yeasts and different strains of “wild” yeast, did not produce wine lactone (50) thus it was 

concluded that the production of wine lactone (50) from the acid (51) was the result of 

mild acid hydrolysis and not fermentation.
180

 It is possible that the glucose ester (10) is an 

indirect precursor to wine lactone (50) in that it could possibly be broken down 

enzymatically to the acid (51) which we have previously shown to be converted to wine 

lactone (50) (Chapter 2) during acid hydrolysis under wine-like conditions. 

 

This work examines the stability of the glucose ester (10) under fermentation conditions 

with three common wine microorganisms in order to determine if the acid (51) can be 

liberated through possible esterase activity. The SIDA quantification method developed in 

Chapter 3 was used in order to quantify any of the acid (51) that might have been produced 

during such fermentations.   
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Figure 4-1: Hypothetical pathway from glucose ester (10) to wine lactone (50) through 

menthiafolic acid (51). 

 

4.1  Selection of Representative Wine Microorganisms 

 

The yeast strain used for primary fermentation was a Saccharomyces cerevisiae strain 

(AWRI 838), a common strain used in Australian wine production. The other yeast 

selected was the known spoilage yeast, Dekkera bruxellensis strain AWRI 1499. This yeast 

had previously shown esterase activity towards ethyl esters of hydroxycinnamic acids as 

reported by Hixson et al..
69

 The authors reported AWRI 1499 as exhibiting the greatest 

conversion of the three strains of D. bruxellensis studied and as such; this strain was 

chosen for the present evaluation.
69

 AWRI 1499 is the most common strain of 

D.bruxellensis (85% in 244 isolates) encountered in commercial Australian wineries.
181

 

 

The last microorganism chosen for the fermentation studies was an Oenococcus oeni 

commercial preparation VP-41 from Lallemand. Oenococcus oeni is the most common 

species of bacteria used by winemakers for controlled malolactic fermentation, thus it was 

selected for evaluation in this study.
70

 It was anticipated that the presence of this esterase 

activity would facilitate the breakdown of the glucose ester (10) to the acid (51).  

 

4.2 Bioconversion of Glucose Ester (10) to Menthiafolic Acid (51) by Yeast 

and Lactic Acid Bacteria 

 

The amount of glucose ester (10) added to ferments was estimated by weighing and 

confirmed by measuring the concentration of the acid (51) formed by base hydrolysis. It 
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was necessary to determine the amount of glucose ester added in this way, as it was a waxy 

resin and weighing was difficult. It is also likely that significant amounts of water would 

also be present in the weighed amount of glucose ester giving an inaccurate representation 

of the actual amount of glucose present in the ferments. The amount determined by 

hydrolysis and analysis was 34% less than that determined by weighing and the latter value 

was used for all calculations.  

 

The bioconversion of the glucose ester (10) to the acid (51) by the yeast and lactic acid 

bacteria is reported as a percentage of total chemical conversion (determined by base 

hydrolysis of the glucose ester (10)) with the results observed tabulated in Table 4.1 below. 

All results are reported as an average of triplicate ferments. 

 

Saccharomyces cerevisiae strain AWRI 838 showed the greatest bioconversion of glucose 

ester (10) into acid (51) followed by the bioconversion by Oenococcus oeni VP-41, while 

the amount of acid (51) produced by the bioconversion carried out by the Dekkera 

bruxellensis strain AWRI 1499 was below the limit of quantification (15 µg/L). All 

samples spiked with (10) but not inoculated showed no conversion of the glucose ester (10) 

to the acid (51) under the same conditions.  

 

Table 4-1: Bioconversion of glucose ester (10) to acid (51) by three different 

microorganism strains. 

Strain % Conversion
a 

%SD
b 

Saccharomyces cerevisiae AWRI 838 14.7 1.7 

Oenococcus oeni VP-41 4.7 2.8 

Dekkera bruxellensis AWRI 1499 tr - 

a
 percentage conversion when compared to total conversion after base hydrolysis of 

glucose ester (10), 
b
standard deviation, tr –trace, less than 15 µg/L. All results are an 

average of triplicate fermentation experiments. Standard deviations are reported as  

percentage conversion. 

 



Chapter 4: Fermentation studies on menthiafolic acid glucose ester 
 

64 

 

4.2.1 Saccharomyces cerevisiae Fermentations with the Glucose Ester (10) 

 

Chemically defined grape juice medium (CDGJM) spiked with the glucose ester (10) was 

inoculated with S. cerevisiae in order to determine its potential breakdown to the acid (51) 

and hence the likelihood that it could act as an indirect precursor to wine lactone (50) in 

wines. Fermentations were monitored by weight on a daily basis and by day 9, were judged 

to be near complete with confirmation in the form of sugar analysis with total sugar 

concentration (fructose and glucose) being 6.4 g/L. At the end of fermentation, it was 

observed that the acid (51) was present in the produced wine and a 14.7% conversion of 

the glucose ester (10) to the acid (51) resulted (when compared to total conversion by base 

hydrolysis) (Table 4-1).  As no conversion of the glucose ester (10) to the acid (51) took 

place in the uninoculated controls, it was presumably the presence of yeast enzymes that 

caused the breakdown of the glucose ester (10) producing the acid (51) which is a direct 

precursor to wine lactone (50). Although, the fermentations were not quite complete after 

the 9 days, it is clear that the yeast had been active towards the ester (10) and if left to 

ferment for a longer period, it may have produced more of the acid (51). This supports the 

hypothesis that glucose ester (10) could act as an indirect precursor to wine lactone (50) 

during fermentation.  

 

Although the ester (10) can give the acid (51) during fermentation, the hydrolysis of acid 

(51) would not produce wine lactone (50) during this short time period as observed by 

Smyth.
146

 This, combined with the lack of wine lactone (50) production by acid (51) under 

fermentation conditions observed by Winterhalter and Bonnländer,
180

 suggests that the 

increase in wine lactone (50) concentration observed by Guth
53

 during fermentation could 

possibly be due to another precursor or another mechanism of transformation of acid (51) 

to lactone (50). 

 

4.2.2 Dekkera bruxellensis Fermentations with the Glucose Ester (10) 

  

Fermentations were carried out under anaerobic conditions as growth of this yeast in wine 

generally occurs in closed oak barrels. After 13 days, fermentation was stopped. Samples 

were analysed for sugar content and a decrease from 6.4 g/L in the starting wine to 5.3 g/L 
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in the fermentations was observed. This shows that these fermentations had not come to 

completion. The amount of acid (51) formed through bioconversion of the glucose ester 

(10) by D. bruxellensis (AWRI 1499) was at trace levels only, the small amounts present 

being at a concentration below the limit of quantification (Table 4.1). It is possible that if 

left to come to completion, these fermentations may have produced a greater amount of 

acid (51) but these experiments would need to be repeated in order to obtain conclusive 

evidence. 

 

4.2.3 Oenococcus oeni Bioconversion of Glucose Ester (10) 

 

Fermentation by the malolactic bacteria O. oeni VP-41 was also conducted anaerobically 

these conditions being optimal for growth of this organism. The end-point of the 

fermentation was defined as a concentration of malic acid lower than 0.005 g/L at the end 

of fermentation, this point being reached by each of the replicates. Malolactic fermentation 

was carried out subsequent to primary fermentation with AWRI 838 in order to closely 

approximate the conditions that these types of fermentation are usually conducted under. 

At the end of fermentation, a conversion of the glucose ester (10) to the acid (51) of 4.7% 

was observed (Table 4.1). This conversion is greater than that observed by fermentation 

with the D. bruxellensis strain AWRI 1499 as would be expected from O. oeni it fermented 

to completion and the D. bruxellensis fermentations did not. The possibility that the 4.7% 

conversion was carried out by residual yeast enzymes from the primary fermentation could 

be discounted due to the lack of conversion of the glucose ester (10) in the same synthetic 

wine medium (produced by fermentation of CDGJM with S. cerevisiae strain AWRI 838) 

without inoculation with O. oeni. 

 

Guth
53

 observed in his studies that during malolactic fermentation, the concentration of 

wine lactone (50) did not increase. This is probably because hydrolysis of the acid (51) to 

wine lactone (50) is very slow and despite the amount of acid produced, there would not be 

sufficient time for the hydrolytic conversion of this compound to wine lactone (50) during 

malolactic fermentation. It could be that the malolactic fermentation would produce acid 

(51) from the glucose ester (10) and then the acid (51) could be converted to wine lactone 

(50) during prolonged aging of the wine.  
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It is very likely that a wine would come into contact with malolactic bacteria as many 

wines including both white and red wines are taken through malolactic fermentation during 

the wine making process. As such, it is possible that this secondary fermentation would 

occur during a normal vinification process and would contribute to the presence of acid (51) 

in wines and further, the production of wine lactone (50) during the wine making process. 

 

As malolactic fermentation is generally conducted after the primary fermentation, it is 

possible that a combinatory effect of the primary fermentation and the malolactic 

fermentations could be observed, resulting with a net conversion of around 20% and a 

greater concentration of the acid (51) present in the wine which can then undergo acid 

hydrolysis to wine lactone (50) during aging.   

 

4.3  Conclusions 

 

Formation of menthiafolic acid (51) from its glucose ester (10) by two yeast strains (AWRI 

838 and AWRI 1499) and one bacteria (Oenococcus oeni VP-41) was observed. It was 

found that the primary fermentation resulted in bioconversion of glucose ester (10) to the 

acid (51) in the greatest yield. Malolactic fermentation was observed to carry out the 

bioconversion of the glucose ester (10) to the acid (51) with 4.7% conversion which could 

additionally contribute to the presence of the acid (51) in wine and thus the formation of 

wine lactone (50) in these wines. The Dekkera bruxellensis strain AWRI 1499 showed 

only very low conversion of the glucose ester (10) to the acid (51) but if fermentation had 

come to completion, more of the acid (51) might have been formed. As many wines 

undergo both primary fermentation and malolactic fermentation, a combinatory effect 

could be observed and the activities of both Saccharomyces cerevisiae and Oenococcus 

oeni would need to be taken into account. These studies demonstrate the possibility that 

microbiological processes during winemaking and storage can enhance the concentration 

of menthiafolic acid (51) via hydrolysis of the corresponding glucose ester (10).  

 

Whether the amounts of acid (51) thus formed are significant will depend on the amount of 

glucose ester (10) present in the must. Quantification of the glucose ester (10) would need 
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to be carried out to determine the likelihood that the bioconversion of this compound could 

be responsible for the large amounts of the acid (51) observed in wines. Furthermore, it is 

likely that different organisms would produce quite different results to those seen here and 

that this could be an important factor in determining whether the glucose ester (10) 

contributes significantly to the wine lactone (50) formed during aging.  

 

Development of a method for the quantification of wine lactone (50) could open doors to 

the studies of the production of wine lactone (50) by yeast and malolactic bacteria from 

both the glucose ester (10) and the acid (51). 
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Chapter 5:  Attempted Development of a SIDA Method for the 

Quantification of Wine Lactone (50) 
 

Guth previously developed a method for the analysis of wine lactone (50) in wine.
79,80

 This 

method was quite laborious and resource intensive in that it entailed continuous liquid-

liquid extraction of 800 mL of wine, column chromatography and HPLC to enrich the wine 

lactone (50) extracted from the wine such that it was able to be characterised and 

quantified.
79

 This type of cumbersome method is not optimal for the screening of multiple 

wines and as such, attempts were made to develop a method that would allow facile 

quantification of wine lactone (50) in wine samples. This chapter outlines the attempts at 

developing an extraction method for wine lactone (50) from white wine initially with the 

aim of developing a SIDA method for this compound. Chiral analysis of wine lactone (50) 

extracted from wine was also carried out. 

 

5.1  Attempted Quantification of Wine Lactone (50) in Model Wine 

5.1.1  Preliminary Analysis of Wine Lactone (50) by GC/MS 

 

It was first necessary to determine the retention time and suitable ions for SIM for the 

analysis of wine lactone (50). A pure concentrated sample of (50) was analysed by GC/MS 

and the ions m/z 123, 138, 151 and 166 were chosen as SIM ions for the analysis; these 

ions being the most abundant ions in the mass spectrum of lactone (50). 

 

Having chosen SIM ions and determined the retention time of the analyte, a preliminary 

calibration curve (no internal standard) of pure solutions of wine lactone (50) was prepared 

(Figure 5.1). Calibration samples were analysed to confirm a linear relationship of 

concentration and peak area via GC/MS. Calibration concentrations employed were, 0, 100, 

250, 500, 1000, 2000 and 4000 µg/L. This curve showed a good linear relationship with a 

correlation coefficient (r
2
) of 0.9991.  

All samples were analysed on a ZB-Wax fused silica capillary column (30 m, 0.25 mm, 

0.25 m film thickness). 



Chapter 5: Attempted development of a SIDA method for the quantification of wine lactone 
 

69 

 

 

 

Figure 5-1: Calibration curve of dichloromethane solutions of (50). 

 

5.1.2  Extraction of Wine Lactone (50) from Model Wine 

 

In order to analyse for (50) in wine, it was essential to be able extract it from the wine (or 

model wine). This is necessary as the wine matrix is not suitable to be analysed directly on 

sensitive instruments such as GC/MS; extraction of analytes is also important as this can 

allow enrichment of the analyte which will then be easier to detect. There are several types 

of extraction methods available including liquid-liquid extraction, Solid Phase Extraction 

(SPE) and Solid Phase Micro Extraction (SPME) all of which were trialled for the analysis 

of (50) in wine. 

 

5.1.2.1  Solid Phase Extraction (SPE) 

 

Model wine solutions of wine lactone (50) were first investigated as extracts of this 

medium do not give as many possible coeluting peaks during analysis and thus should 

allow for easier analyte detection during method development. Model wine was prepared 

at pH 3.2 and 10% ethanol (v/v). As (50) has an odour detection threshold of 10 ng/L in 
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model wine, it was desirable that the sensitivity of the quantification method reaches below 

this level.
124

 This would allow inferences to be made as to the odour impact of (50) to a 

particular wine. 

 

Liquid-liquid extraction was the first technique attempted as it is the cheapest and easiest 

method of extraction. Using this method, recovery of lactone (50) was 52%. As liquid-

liquid extraction was not successful, Solid Phase Extraction (SPE) was then attempted as a 

method to isolate (50) present in a spiked model wine (5 µg/L). Several different sorbents 

and elution solvents were assessed in order to obtain the best recovery possible. Sorbents 

investigated included the resins used in method development for the analysis of (51); Strata 

SDB-L, SepPak C18 and Ultra Clean Phenyl. Other sorbents were also trialled including 

Amberlite XAD-2, Supelite
TM

 DAX-8, Amberlite FPX-66 and Strata-X. The results of 

these trials are summarised in Table 5-1. 

 

In order to try to improve extraction of lactone (50) from model wine, neutralisation of the 

spiked model wine sample to pH 7 prior to extraction was carried out. This was attempted 

in the hope that (50) would be less soluble in the aqueous phase and when passed through 

the extraction cartridge would adsorb more readily giving a larger recovery. This was not 

the case and improvements, at best, were marginal. 

 

Salting was also carried out in an attempt to lower the solubility of (50) in the aqueous 

phase. NaCl was used and the spiked model wine solution was saturated prior to extraction 

via SPE. This gave better recovery of lactone (50) than neutralisation and normal 

extraction without salting or neutralisation but it was still not optimal with a recovery of 25% 

for C18 cartridges and 38% for SDB-L. 

 

From analysis of all the SPE samples, it was observed that FPX-66 and XAD-2 were the 

best SPE sorbents for the extraction of wine lactone (50) from model wine. In practice, the 

extractions involving these sorbents were very slow and required a large amount of solvent 

making them expensive and time consuming and thus not optimal for the analysis of 
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multiple samples. The best SPE sorbents, taking into account these issues, were a styrene-

divinylbenzene cartridge (Strata SDB-L, 200 mg) and a divinylbenzene sorbent 

(LiChrolutEN, 300 mg). As both sorbents were comparable in recovery (Table 5-1) (82% 

SDB-L and 75% LiChrolut EN), LiChrolutEN was chosen as it was readily accessible and 

it was the cheaper option with a better recovery. 

 

Some of the sorbent/solvent combinations gave several impurities and interferences with 

the analyte peak (e.g. FPX-66 gave an apparent recovery of above 100% when used; this is 

due to interference from coeluting peaks with the analyte peak). These interferences were 

most likely due to compounds present on the resin prior to extraction of the model wine 

solutions despite washing the resin several times prior to use for wine extraction. 
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Table 5-1: Relative extraction efficiencies of different extraction conditions in model wine 

(as a percentage of best recovery). 

Sorbent Solvent % Recovery Other 

SDB-L Pentane:Ethyl acetate (9:1) 40   

SDB-L Dichloromethane 69   

SDB-L Dichloromethane 82 Methanol wash 

SDB-L Ether 69   

SDB-L Ethyl acetate 37   

SDB-L Dichloromethane 30 No wash 

SDB-L Dichloromethane 18 Neutralised 

SDB-L Dichloromethane 38 Salted 

SDB-L Dichloromethane 41 Diluted 

SDB-L Pentane:Dichloromethane (2:1) 2   

SDB-L Ether 0   

SDB-L Dichloromethane 39   

XAD-2 Pentane 0   

XAD-2 Pentane:Dichloromethane (2:1) 76   

XAD-2 Dichloromethane 97   

XAD-2 Pentane:Ethyl acetate (2:1) 34   

XAD-2 Ether 30   

C18 Ether 8   

C18 Ethyl actetate 14   

C18 Dichloromethane 13   

C18 Dichloromethane 27 50mL sample no wash 

C18 Dichloromethane 18 Neutralised 

C18 Dichloromethane 25 Salted 

C18 Dichloromethane 17 Diluted 

C18 Pentane:Dichloromethane (2:1) 1   

DAX-8 Ether 16   

DAX-8 Dichloromethane 0   

FPX-66 Ether 57   

FPX-66 Dichloromethane 100   

LiChrolutEN Dichloromethane 50 Salted NH4Cl, cooled 

LiChrolutEN Pentane:Dichloromethane (2:1) 0.5   

LiChrolutEN Ether 2   

LiChrolutEN Ethyl acetate 75   

Phenyl Pentane:Dichloromethane (2:1) 2   

Phenyl Ether 1   

Phenyl Dichloromethane 1   

Strata-X Dichloromethane 69   
a
 Recovery is expressed as a percentage of the theoretical maximum determined by 

analysis of a reference. 
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The sometimes low recovery of lactone (50) observed for most of the extracts were thought 

to be due to wine lactone being strongly partitioned in the model wine rather than the 

sorbent; or possibly being washed off during the water wash step. Dichloromethane which 

was spiked with (50) (5 µg/L) was extracted with water and model wine to determine if 

this medium had more affinity for (50). An 8% decrease in the peak area of (50) was 

observed when extracted with water (10 mL). When extracted with 10 mL model wine, a 

21% decrease in peak area of wine lactone was observed; this trend was carried further in 

that when extracted with 50 mL of model wine (the sample size used for these extractions), 

an 84% decrease in peak area was observed. This showed that wine lactone has a great 

affinity with model wine and is possibly not being extracted with high efficiency. In order 

to eliminate the water washes as the reason for losses of wine lactone, SPE was carried out 

without a water wash prior to elution with solvent. This showed that the recovery of wine 

lactone (50) in these extracts was better than extraction including water wash (Table 5.1) 

thus all subsequent extractions were carried out without water washes. The recoveries were 

still low with these samples and it was believed that the SPE sorbents were being 

overloaded with wine lactone, thus some of the analyte was not efficienly bound onto the 

sorbent during sample introduction. 

 

A preliminary curve (no internal standard) of wine lactone in a model wine was then 

prepared for analysis using LiChrolutEN as the sorbent. The resulting plot showed that the 

relationship is polynomial (Figure 5.2) with a coefficient of correlation (r
2
) of 0.9978. This 

finding supports the hypothesis that the sorbents are being overloaded with wine lactone 

(50).
182

 Wells discussed the relationship between sample size, recovery and sorbent 

capacity showing that a decrease in recovery is observed when sample size is increased and 

the capacity of the cartridges remains constant.
182

 The curve shows that above 1.25 µg/L, 

the relationship begins to deviate from linear. This is the concentration at which the 

sorbent begins to become saturated with wine lactone (50) and it may be prematurely 

eluted thus decreasing recovery. Comparisons of recoveries at 5 µg/L and 0.1 µg/L (56% 

and 96% respectively) showed that an increase in the concentration causes a decrease in 

the recovery thus supporting the theory that the cartridges are being saturated.  
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Figure 5-2:  Calibration curve of wine lactone (50) extracted from model wine with 

LiChrolutEN cartridges. 

 

5.2.1.2 Non-SPE Attempts at Extraction of Wine Lactone (50) from Model Wine 

 

As SPE was providing variable results, other methods for extraction were also attempted. 

Freeze-drying of the spiked model wine solutions and extraction of the residue was carried 

out. This resulted in an extract devoid of lactone (50) presumably due to the freeze-drying 

process that the samples were placed under also removing lactone (50) as well as the water 

in the solution. As such, this method was abandoned. 

 

It was also thought that the ethanol in the model wine might be the cause for the low 

recoveries of (50) from these solutions. A method (Figure 5.3) entailing the ring-opening 

of (50) converting it to its ring-opened carboxylate salt (which is non-volatile when 

compared to wine lactone (50)), subsequent evaporation of the ethanol in vacuo, then ring-

closure with addition of acid to return (84) to its lactone form (50) was used in order to 

remove ethanol from the model wine solution. This partially dealcoholised wine was then 

extracted via liquid-liquid extraction with dichloromethane and the resulting extract was 

analysed by GC/MS.  
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Figure 5-3: Ring-opening and closing procedure. 

 

To determine the time taken for complete ring-opening and ring-closure of (50), an 

experiment monitoring the rates of ring-opening and closing was carried out. A model 

wine sample spiked with wine lactone at 100 µg/L was treated with base to effect the ring-

opening of this cyclic ester. It was then treated with acid in order to observe ring-closure 

back to the lactone (50). The mixture was monitored in order to determine a time frame for 

complete ring-opening and closure. 

 

Initially, the solutions were monitored over time. After a 7 hour period, complete ring-

opening or ring-closure had occurred. The experiment was repeated monitoring every hour. 

Ring-opening was complete after 1 hour of stirring at pH 13. Ring-closure on the other 

hand, took much longer and was only complete after 6 hours of stirring at pH 2.  Figure 5-4 

shows the progress of ring-closure of this compound in model wine over 6 hours. 
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Figure 5-4: Rate of ring-closure of wine lactone in model wine. 

 

This method of extraction of (50) from wine using ethyl acetate in the final step was 

successful but the recovery of 54% was no better than other more facile methods attempted. 

 

5.1.2.3 Solid Phase Micro Extraction  

 

Solid phase microextraction (SPME) is a technique for extraction of volatiles from solution. 

This technique utilises a fused silica fibre coated in a thin layer (5-100 µm) of polymeric 

sorbent or immobilised liquid to extract compounds from solution either directly or 

indirectly.
183

 The direct approach involves immersion of the fibre into the solution to be 

extracted and the indirect approach involves extraction from the headspace of the sample 

to be analysed.
183

 The fibre is usually set up in a needle-type set up where the fibre is 

placed inside a needle barrel and connected to a syringe plunger. The plunger is used to 

push the fibre out or to retract it back inside the barrel. The cylindrical nature of the fibres 

allows efficient extraction and desorption by allowing the analytes easy access to the 

surface.
184

 Sample preparation is minimised when using SPME as an organic extract need 

not be obtained thus eliminating other extraction methods. SPME can also be coupled with 

GC/MS which makes it a simple and fast way to analyse samples.  
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During headspace SPME the fibre is exposed to the sample for a certain period of time. 

Samples are usually agitated and heated during this time to allow maximum amounts of 

volatiles to be pushed into the headspace. Once the sample has been extracted, desorption 

in the GC/MS inlet occurs and the extracted volatiles can be analysed. 

 

Headspace SPME was also attempted as an extraction method for wine lactone from model 

wine. A grey fibre was utilised for this analysis as it is a good general fibre for analysis. 

This fibre is a divinylbenzene/carboxen/polydimethylsiloxane fibre. SPME was not 

successful and no trace of lactone (50) was observed by GC/MS analysis. This could be 

due to (50) being too involatile to become volatilised into the headspace, this is unlikely as 

wine lactone is a quite odiferous compound and must be volatile to some extent. Another 

possiblity is that due to the affinity that (50) has with the model wine solution, it is not 

sufficiently partitioning between wine and fibre via the headspace. Several temperatures of 

extraction and lengths of extraction were attempted but none gave (50) by GC/MS. This 

technique was not pursued any further. 

  

5.3  Extraction of Lactone (50) from White Wine 

 

The SPE resin chosen to be trialled for the extraction of lactone (50) from real wine was 

LiChrolutEN. White wine was used as (50) had previously been observed as an impact 

odorant in mainly white wines. White wines are also easier to extract as they do not need to 

be pretreated to remove any polyphenols prior to extraction. Stanley wines bag-in-box 

classic dry white with 11% alcohol and pH of 3.42 was used for these trial extractions.  

 

Blank wine (100 mL) was spiked with (50) at three different concentrations (1, 3, and 10 

µg/L). Samples were extracted with LiChrolutEN resin and analysed by GC/MS. The 1 

µg/L sample showed very low sensitivity and was barely detectable as such, it was 

concluded that the sensitivity of this analysis was very low and analysis was not possible at 

the low concentration of 10 ng/L required. 
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During the model wine extractions, it was observed that wine lactone was extracted very 

poorly by the phenyl resin, thus a clean-up step utilising this resin was carried out. White 

wine (100 mL) spiked with (50) (5 µg/L) was first percolated through a phenyl cartridge, 

this was then extracted with LichrolutEN. This was unsuccessful as recovery of wine 

lactone of only 20% was achieved.  

 

As interference with other wine components was proposed to be causing extraction issues 

thus, a dilution step was attempted. White wine (100 mL) was spiked with (50) (5 µg/L) 

and diluted to 200 mL with Milli-Q water. This diluted wine was then extracted as 

previously with LiChrolutEN. This gave better extraction but interferences with the analyte 

were also observed. Different SIM ions were attempted for these samples in order to find 

ions that would allow for analysis of (50) without interference. Ions used were m/z 73, 93 

and 107, however, these ions were also present in the interferents. Other ions were not 

abundant enough to be used for the quantification method as using them would 

significantly decrease the sensitivity of the method. 

 

In summary, while SPE worked well for the extraction of wine lactone (50) from model 

wine, it was not useful for the same extraction in white wines. This is presumably due to 

other compounds competing for adsorption to the sorbent being used and subsequently the 

sorbent becoming saturated with these compounds over wine lactone. The presence of 

hundreds of other wine components in white wine could also be contributing to the 

difficulty in extraction as wine lactone (50) has a great affinity for these compounds in 

solution.  
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5.3.1  Continuous Liquid Extraction 

 

Figure 5-5: Continuous liquid-liquid extraction apparatus for solvents that are denser than 

water. 

 

As the white wine extractions using SPE, SPME and single liquid-liquid extraction were 

proving to be inadequate, attempts at extracting (50) from white wine via continuous liquid 

extraction were made. Continuous liquid extraction involves the heating of an organic 

phase which is then condensed and allowed to drop through the sample/aqueous phase 

being extracted. This can then be drained back into the organic solvent. This method of 

extraction is beneficial as it can be carried out over several hours allowing extractable 

compounds more time in contact with the solvent being used for extraction. This method 

was utilised to extract wine lactone from wine. A white wine (250 mL) spiked with (50) (5 

µg/L) was extracted with dichloromethane over 16 hours. The extract was concentrated 

and analysed by GC/MS showing wine lactone (50) as a clearly distinguished peak. 
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However, other peaks co-eluting with (50) also appeared to be present. Wine lactone (50) 

was not sufficiently separated from these peaks on a range of GC/MS columns. When the  

dichloromethane extract was washed with base and purified by column chromatography as 

per the method used by Guth for his quantification of (50) in wine, a much cleaner extract 

was obtained with wine lactone (50) being easily observed free of co-eluters by GC/MS.
79

  

Although this method was successful in extracting wine lactone from wine, it was not 

useful as a quantification method for this compound as the extraction is cumbersome, 

extremely time consuming and would not allow for multiple wine samples to be analysed. 

It was, however, able to be used for extraction of lactone (50) from wine in order to 

conduct the chiral studies detailed below. 

 

5.4 Chiral Analysis 

 

As acid (51) was observed in wine extracts as both the (S) and the (R)-enantiomers, with 

the (S)-enantiomer dominant, it was hypothesised that wine lactone would be produced by 

acid hydrolysis during bottle aging in both the (+) and (-)-enantiomeric forms with 

preference for the (+)-enantiomer. This hypothesis was based on work carried out prior to 

this and discussed in Chapter 2 which showed that when hydrolysed, pure (R)-(51) 

produced both the (+) and (-)-enantiomers of lactone (50) with the (-)-enantiomer dominant. 

Chardonnay C analysed for (51) content as discussed in Chapter 2 showed large amounts 

of (51) by GC/MS. As this wine was the oldest wine analysed (4 years) and had the one of 

the highest concentrations of (51), it was predicted that it would contain the largest amount 

of (50) which would make it a good candidate for chiral analysis.  Chardonnay C was 

extracted by continuous liquid extraction. The extract was washed with base and purified 

by column chromatography. After concentration and analysis, it was observed that (50) 

was present in Chardonnay C as both the (+) and (-)-enantiomer in a percent ratio of 

61%:39% respectively. Previous work discussed in Chapter 2 showed that wine lactone 

was produced from pure acid (R)-(51) in a ratio of 69(-):31(+) at pH 3.0. Chardonnay C 

had a pH of 3.06 and as such would follow similar trends to the pH 3.0 hydrolysate. From 

this previous work, a rough prediction of the enantiomeric ratio of (50) in Chardonnay C, 

taking into account the enantiomeric ratio of the acid (51) would be 38(-):62(+). The result 

obtained during the chiral analysis of (50) from Chardonnay C was very close to the 

predicted value. 
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This finding is in contrast with the observations of Guth
124,133

 that (50) is only present in 

young wines as the (3S, 3aS, 7aR)-(-)-enantiomer which was observed to be the most 

odiferous of all of the isomers of (50). The observations above show that wine lactone was 

present in Chardonnay C as both enantiomers but predominantly the (+)-enantiomer which 

is comparably non-odiferous when compared to the (-)-enantiomer and has an odour 

detection threshold of  > 1000 ng/L.
124

 It is possible that wine lactone is present in wines of 

various ages but not always mainly in the form that it would be contributing substantially 

to the odour profile of the wine. As only one wine was analysed for chirality of lactone 

(50), it is possible that other wines may have a different ratio of enantiomers. It is unlikely 

that other wines would contain exclusively the (-)-enantiomer as previous studies on the 

hydrolysis of acid (51) (Chapter 2) showed that under normal wine conditions, acid (51) is 

converted into lactone (50) resulting in a mixture of both the (+) and (-)-enantiomers. 

 

5.5  Conclusions 

 

Several extraction methods were attempted in order to extract wine lactone (50) from wine. 

These included; liquid-liquid extraction, solid phase extraction under several different 

conditions, solid phase microextraction and continuous liquid extraction. None of these 

extractions produced a method sensitive or facile enough to quantify wine lactone (50) 

down to 10 ng/L in several wine samples. Quantification of (50) was not carried out due to 

difficulty in developing a method to do so and this is an area for future work. 

  

Continuous liquid extraction of a white wine sample was carried out and chiral analysis 

was performed on the extract. This showed that wine lactone is present in this wine sample 

in both the (+) and (-)-enantiomers in a ratio of 61(+):39(-). This case, showing wine 

lactone present in predominantly the (+)-enantiomeric form, constrasts with data reported 

by Guth
124,133

 but is close to that predicted from the chiral analysis of the precursor (51) in 

that particular wine. 

 

Luan et al.
178

 questioned the stereochemistry of the precursor as their studies had 

previously shown that compounds derived from linalool are observed mainly as the (S)-
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form. It is possible that the wine lactone (50) observed in young wine might be formed 

from a different precursor or is biosynthesised in the grape. Our observations have shown 

that the wine lactone (50) formed during wine aging is likely to be mainly in the relatively 

non-odiferous (+)-form. Future studies on wine lactone (50) must consider not only the 

concentration but also the ratio of enantiomers in order to assess the impact of this 

compound on the bouquet of the wine. Continuous Liquid Extraction-Stable Isotope 

Dilution Assay would be suitable for the analysis of a small number of wines where 

reconstitution experiments for sensory analysis are intended but is not suitable for the large 

number of wines that is usually intended. The increased sensitivity associated with GCxGC 

and/or tandem mass spectrometry might provide the solution to difficulties in analysis of 

wine lactone (50) but these techniques were not available in our laboratory.   

 

5.6  Thesis Conclusions and Future Directions 

 

This study investigated the roles of menthiafolic acid and its glucose ester as precursors to 

wine lactone. Investigations into the enantioselectivity of breakdown, quantification, 

chirality and formation, during wine production, of menthiafolic acid were conducted in 

order to determine the significance of these compounds in the evolution of wine lactone 

during wine production. 

 

The synthesis of (R)-menthiafolic acid and its subsequent acid hydrolysis were described in 

Chapter 2. Chiral analysis of the wine lactone produced during these acid hydrolyses under 

SDE conditions at 100 
o
C gave varying results depending on the conditions. It was 

observed that upon the acid hydrolysis of (R)-menthiafolic acid, wine lactone is formed in 

both the odiferous (-)-form and the relatively non-odiferous (+)-form, the ratios of which 

varied with pH and temperature. At high pH and at ambient temperature, the 

stereoselectivity of the degradation of menthiafolic acid was greater with a ratio of 4(-):1(+) 

wine lactone. At low pH and high temperature, stereoselectivity was lost with a near 

racemic mixture of wine lactones produced. In all cases, wine lactone was produced in 

both the (-) and (+) form showing that if wine lactone is produced during wine aging, it is 

likely to be produced in both enantiomeric forms contrasting with the findings of Guth
133

 

that wine lactone is present in young wines only the potent (-)-form. 
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In Chapter 3, the quantification of menthiafolic acid in wine has been described for the first 

time. The d5-analog of menthiafolic acid was synthesised and utilised in order to develop a 

Stable Isotope Dilution Assay (SIDA) method for the analysis of this compound in wines. 

Several wine and juice samples were analysed for their menthiafolic acid content. These 

wines showed concentrations ranging between < 10 µg/L to 342 µg/L, Lexia exhibiting the 

highest menthiafolic acid content. Chiral analysis of this compound in white wine and a 

white juice showed that both the (R)- and (S)-enantiomers are present in wine with the (S)-

form predominating. This study is the first time that menthiafolic acid was observed as a 

free juice component. 

 

The formation of menthiafolic acid from its glucose ester by three different 

microorganisms including Saccharomyces cerevisiae, Oenococcus oeni and Dekkera 

bruxellensis was discussed in Chapter 4. Menthiafolic acid was produced by both 

Saccharomyces cerevisiae and Oenococcus oeni but the trace amount produced by 

Dekkera bruxellensis was below the LOQ of the analytical method.  

 

Chapter 5 discussed the attempted development of a SIDA method for the analysis of wine 

lactone in white wines. This was not successful due to the difficulty of extraction of wine 

lactone from wine samples. This compound was then extracted by a method analogous to 

that published by Guth
80

 and the extract was used for chiral analysis. This method is too 

cumbersome for extraction of multiple samples and as such was not used for quantification. 

Chiral analysis of wine lactone extracted from a four year old Chardonnay wine that had 

shown high concentrations of menthiafolic acid showed wine lactone present in a ratio of 

61(+):39(-). This ratio is very close to that which was predicted from the ratio of (R):(S) 

menthiafolic acid observed in the same Chardonnay sample as discussed in Chapter 3. This 

indicates that the wine lactone in this wine sample had been produced through aging of the 

wine and the acid hydrolysis of menthiafolic acid present.  

 

To further this research it would be essential to develop a facile quantification method that 

can be used for the quantification of wine lactone in a large number of samples. Once such 

a method is available, it could also be used to subject wine lactone in wines to chiral 
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analyses. Chiral analysis of several wines is important in order to determine whether wine 

lactone is, in fact, an important odorant in wine. Following the chirality of wine lactone 

from the grape to the aged wine would also allow more knowledge to be gained on the 

mechanism of formation of this compound. This could help to explain why Guth
133

 

observed wine lactone as only the (-)-form but this study observed wine lactone as both the 

(+)-form and the (-)-form. It is possible that there may be other precursors to this 

compound in the grape or that the grape produces wine lactone biosynthetically.  

 

Development of a quantification method for wine lactone would also allow analysis of 

fermentation trials for this compound to see if it is produced directly from the glucose ester 

during fermentation as reported by Guth
53

 but not found by Winterhalter and Bonnländer
180

. 

In order to gain more information into the role of menthiafolic acid glucose ester as a 

precursor to wine lactone in wine, it is also important to carry out the quantification of this 

compound in grape must. This would allow inferences to be made as to how much wine 

lactone could be produced in the resulting wine. 

 

This work has shown that menthiafolic acid is indeed a precursor to wine lactone under 

normal wine conditions and that it is present in wine at concentrations that could produce 

wine lactone through aging for only 1 year. It has also shown that the glucose ester of 

menthiafolic acid is an indirect precursor to wine lactone through conversion to the free 

acid by microorganisms. Whether this is an important contribution to wine lactone 

formation will depend on the concentration of this ester in grape must but a method for 

quantifying this compound is not yet available. Many conjugates of menthiafolic acid have 

been found in nature and there might be conjugates other than the simple glucose ester that 

are also present in grapes and which can contribute to free menthiafolic acid in wine.
25

 It 

has also been observed that wine lactone is present in some wines as both the odiferous and 

non-odiferous forms. There is still a lot more work to be carried out in order to unlock the 

secrets of wine lactone and its importance to wine aroma all of which is dependent on 

developing a quick and simple method for extraction and analysis of this compound in 

wine. 
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Chapter 6: Experimental 
 

6.1  General 

 

6.1.1  Chemicals: 

 

Solvents: Solvents for GC/MS were CHROMASOLV® Plus or Pest grade purchased from 

Asis Scientific and dispensed using a Puresolv
TM

 solvent purification system (Innovative 

Technologies, Massachusetts, USA). Solvents for synthesis were analytical reagent grade 

or distilled. Solvents for cleaning GC/MS glassware were CHROMASOLV® Plus. 

Solvents for cleaning glassware for synthesis were drum grade or a higher grade. MilliQ 

water was employed throughout. 

 

Wine lactone (50), menthiafolic acid (51), d5-methiafolic acid (83) and menthiafolic 

acid glucose ester (10) standard solutions: Wine lactone and racemic menthiafolic acid 

and its glucose ester were obtained from the Australian Wine Research Institute.
43

 

Enantiomerically pure menthiafolic acid (51) and d5-menthiafolic acid (83) were 

synthesised. Appropriate dilutions were made in redistilled ethanol from wine lactone 

(3.03 mg/mL stock), racemic menthiafolic acid (1.14 mg/mL stock), (-)-menthiafolic acid 

(1.00 mg/mL stock) d5-menthiafolic acid (1.03 mg/ml stock), menthiafolic acid glucose 

ester (0.66 mg/mL stock). 

 

Model wines: 10% redistilled ethanol (v/v) in MilliQ water was saturated with potassium 

hydrogen tartrate and pH adjusted with L-(+)-tartaric acid (10%, w/v).  

 

Phosphate Citrate buffer: The buffer was prepared using MilliQ water. Sodium hydrogen 

orthophosphate (2.0 g) was added to MilliQ water (250 mL) and the pH was adjusted to pH 

3.2 with 10% (w/v) citric acid solution. 
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Reagents: Reagents were highest available purity purchased from Sigma-Aldrich. 

 

Diazomethane: Diazomethane was prepared as per the general method published by 

Sigma-Aldrich Co.
185

 

 

Diazald (21.4 g, 100 mmol) in ether (130 mL) was added over 25 minutes to a solution of 

potassium hydroxide (5.0 g, 89 mmol) in water (8 mL) and ethanol (25 mL) and heated to 

65
 o
C. Diazomethane formed was distilled and bubbled through ether (25 mL) cooled in ice. 

After complete addition of the Diazald solution, ether (20 mL) was added slowly until the 

distillate was colourless. 

 

Diazomethane was generated fresh each day and was not stored. Clearfit glassware was 

used for diazomethane generation and a safety shield was used. A plastic dropper was used 

to transfer diazomethane to the samples to be derivatised. 

 

Extraction resins: LiChrolutEN was purchased from ASIS Scientific. Amberlite FPX-66, 

Supelite DAX-8 and Amberlite XAD-2 were all purchased from Sigma-Aldrich. Strata 

SDB-L cartridges (200 µg, 3 mL) and Strata-X cartridges (100 µg, 6 mL) were purchased 

from Phenomenex Australia. Ultra clean phenyl cartridges (200 µg, 3 mL) were purchased 

from Grace Davison Scientific. 

 

All resins were prepared as per manufacturer’s instructions   

 

Silica gel: Column chromatography was carried out using Davisil 40-63 µm silica gel. 

Thin Layer Chromatography (TLC) was performed using Merck silica gel 60 F254 

aluminium backed sheets (20 x 20 cm). TLC plates were stained for visualisation using 

either a permanganate stain or  ennesian’s stain prepared as per Li et al.
186
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Verjuice for juice analysis validation: Verjuice used was commercially available Maggie 

Beer Verjuice, analysis indicated a pH of 2.79 and sugar content of 11.1 Brix. 

 

6.1.2 Yeast and Media:  

 

Chemically defined grape juice medium (CDGJM): CDGJM was prepared as per the 

method published by Ugliano et al.
44

 The prepared CDGJM was sterilised by filtration 

through a 0.22 µm membrane. 

  

Saccharomyces cerevisiae strain AWRI 838 was obtained from the Australian Wine 

Research Institute culture collection maintained on YM (Yeast Malt) plates (Amyl Media, 

Dandenong Australia) supplemented with 1.5% agar and stored at 5 
o
C. Starter cultures 

were prepared by adding a loopful of yeast cells to YM (10 mL) and incubating at 28 
o
C 

with shaking for 72 hours. Preadaptation of the cells to the fermentation medium was 

carried out by inoculating 600 µL of the starter culture into a 50:50 solution of 

CDGJM:YM (30 mL) and incubating at 28 
o
C overnight with agitation. 

 

Synthetic wine: Synthetic wine was prepared by fermentation of CDGJM. CDGJM (3 L) 

was inoculated with 60 mL of the preadapted Saccharomyces cerevisiae (AWRI 838) cells 

in 50:50 YM:CDGJM and incubated at 22.5 
o
C for 14 days. The wine was cold settled for 

5 days at 4 
o
C and was sterilised by filtration through a 0.22 µm Stericap (Millipore, MA, 

USA) bottle-top filter device. 

 

Dekkera bruxellensis strain AWRI 1499 was also obtained from the Australian Wine 

Research Institute culture collection maintained on YM (Yeast Malt) plates (Amyl Media, 

Dandenong Australia) supplemented with 1.5% agar and stored at 5 
o
C. Starter cultures 

were prepared by adding a loopful of yeast cells to YM (10 mL) and incubating at 28 
o
C 

with shaking for 48 hours. Preadaptation of the cells to the fermentation medium was 

carried out by inoculating 1 mL of the starter culture into a 50:50 solution of CDGJM:YM 

extract (30 mL) and incubating at 28 
o
C for 48 hours. 
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Oenococcus oeni was reconstituted from a commercial preparation of strain VP-41 

(Lallemand) according to manufacturer’s instructions by addition of the starter culture 

(0.15 g) to sterilised water (30 mL) which was then stood for 15 minutes with occasional 

stirring. 

 

6.1.3  Glassware and Syringes 

 

Glassware: Volumetric glassware and pipettes were used for all analytical work. All 

volumetric glassware was rinsed with solvent and MilliQ water. Syringes were cleaned 

with two different organic solvents. All acid hydrolyses were carried out in glass ampoules 

which were sealed under nitrogen.  

 

Volumetric glassware and pipettes: Isolab A volumetric flasks (various volumes) and 

Fortuna B pipetes (various volumes) were purchased from Crown Scientific. 

 

Vials, inserts and ampoules: GC/MS vials with Teflon/Silicon/Teflon lined crimp caps (2 

mL) were purchased from Agilent.  Inserts (250 µL) with polyethylene bottom springs 

were purchased from Adelab Scientific. Pre-scored ampoules ranging in volumes from 1-

25 mL were purchased from Sigma-Aldrich. New vials, inserts and ampoules were used 

for all analyses.  

 

Syringes: SGE graduated glass syringes with a metal plunger coated with Teflon ranging 

from 5 µL to 1 mL were purchased from Supelco, USA. 

 

6.1.4   Instrumentation 

 

Centrifuge: Samples were centrifuged using either a Beckman J2-21 Centrifuge operating 

at 10,000 rpm and 4 
o
C or an Eppendorf 5810 centrifuge operating at 6,500 rpm. 
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Freeze-drier: Samples were freeze-dried using a Labconco Freezone 6 Freeze-drier. 

 

pH meter: pH was measured using either a Eutech pH 510 or a Eutech Ecoscan pH 5/6 

both purchased from Adelab Scientific. Calibration was performed prior to each use using 

buffers that are standardised against N.I.S.T. standard reference materials. Buffers were 

purchased from Sigma-Aldrich. 

 

Refractometer: Sugar measurements were taken using an Atago pocket refractometer 

PAL-1.   

 

GC/MS: GC/MS analyses were carried out with an Agilent 6890N gas chromatograph 

(GC) and coupled to an Agilent 5973N mass spectrometer (MS) fitted with a GERSTEL 

MPS2 Multi Purpose Sampler. The software used was MSD Chem Station E. 02. 00. 493 

(Agilent Technologies Inc, Santa Clara, CA, USA). 

 

GC-Columns, injection inlet liners: For the relevant details regarding these aspects, see 

corresponding sections concerning GC/MS analysis. 

 

NMR: Routine NMR spectra were obtained using an Ultrashield Plus Bruker spectrometer 

operating at 400 MHz using Bruker Topspin for data analysis. All J values are reported in 

Hz. Chloroform-D with silver foil was from Cambridge Isotope Laboratories Inc. 

 

HPLC, HPLC Columns: HPLC analyses were carried out on an Agilent 1100 series 

HPLC fitted with a diode array (UV) detector operating at 254 nm and 230 nm. The 

software used was Chemstation for LC 3D systems (Agilent Technologies). Column used 

was Chromtech Chiral AGP100 (10 x 4.0 mm) column. 
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Optical Rotation: The optical rotations were recorded with a PolAAr 21 polarimeter with 

a 2 cm cell length.  

 

6.2 Synthesis and Hydrolysis of Menthiafolic Acid; ((2E,6R)-6-Hydroxy-

2,6-dimethylocta-2,7-dienoic acid) (51) 

 

6.2.1 Preparation of (-)-Linalyl acetate; ((3R)-3,7-Dimethylocta-1,6-dien-

3-yl acetate) (62) 

 

 

 

 

(-)-Linalool (42) (2.8 mL, 15.6 mmol) was added to a mixture of triethylamine (3.2 mL, 

22.9 mmol), acetic anhydride (23.1 mL, 25.0 mmol) and 4-dimethylaminopyridine (DMAP) 

(0.13 g, 1.02 mmol) and the mixture stirred at room temperature for 26 hours. The reaction 

mixture was acidified with hydrochloric acid (2 M, 16.2 mL) and extracted with diethyl 

ether (4 x 10 mL). The combined organic extracts were washed with saturated sodium 

bicarbonate solution (3 x 10 mL), dried (MgSO4) and concentrated under reduce pressure 

to furnish 4.06 g of a dark orange oil. The residue was distilled under reduced pressure (bp. 

72 
o
C at 5.0 Torr) to afford the product (62) as a colourless oil (2.57 g, 86%)  [α]D

20
 = -5.41 

(c 24.9, CHCl3). 

 

1
H NMR (400 MHz) (CDCl3) δ: 5.97 (1H, dd, J = 17.6, 10.90, H-2), 5.15 (1H, dd, J = 17.4, 

0.96), H-1a), 5.12 (1H, dd, J = 10.9, 0.96, H-1b), 5.07 (1H, tq, J = 7.1, 1.4, H-6), 2.00 (3H, 

s, OAc), 2.22-1.70 (4H, m, H-4,5), 1.67 (3H, s, CH3), 1.59 (3H, s, CH3), 1.54 (3H, s, CH3).  

 



Chapter 6: Experimental 

 

91 

 

The 
1
H NMR data was consistent with that reported previously.

148
 

 

6.2.2  Linalyl acetate-8-aldehyde; ((3R,6E)-3,7-Dimethyl-8-oxoocta-1,6-

dien-3-yl acetate) (63) 

 

  

 

(-)-Linalyl acetate (62) (2.96 g, 15.1 mmol) was added to 1,4-dioxane (50 mL) and water 

(6 mL). Selenium dioxide (2.05 g, 18.4 mmol) was then added and the mixture was heated 

under reflux for 3 hours. The reaction mixture was cooled and filtered through celite and 

washed with diethyl ether (150 mL). The combined organic layer was washed with water 

(2 x 100 mL) and saturated sodium bicarbonate solution (2 x 100 mL), dried (MgSO4) and 

concentrated under reduced pressure to afford 3.03 g of a red oil. Purification on silica gel 

column chromatography (dichloromethane Rf: 0.29) afforded the aldehyde (63) as a yellow 

oil which was further filtered through celite to afford a pale yellow oil (0.89 g, 28%). 

 

1
H NMR (400 MHz) (CDCl3) δ: 9.86 (1H, s, H-C(O)), 6.47 (1H, tq, Jt  =  7.4, Jq = 1.3, H-

6), 6.0 (1H, dd, J =  11.0, 17.5, H-2), 5.20 (1H, dd, J = 11.0, 0.5, H-1a), 5.16 (1H, dd, J = 

17.4, 0.5, H-1b), 2.39-1.87 (4H, m, H-5,4) 2.02 (3H, s, OAc), 1.74 (3H, s, CH3) 1.59 (3H, s, 

CH3). 

 

The 
1
H NMR data was consistent with that reported previously.

35,187 
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6.2.3  (-)-Menthiafolic acid; ((2E,6R)-6-Hydroxy-2,6-dimethylocta-2,7-

dienoic acid) (51) 

 

 

 

(-)-Linalyl acetate-8-aldehyde (63) (0.51 g, 2.4 mmol) was added to a mixture of silver 

oxide (1.64 g, 7.1 mmol) and 10% aqueous sodium hydroxide solution (20 mL). The 

mixture was rapidly stirred for 2.5 hours at 50 
o
C. The reaction mixture was filtered then 

acidified to pH 2 (10% hydrochloric acid). The mixture was extracted with diethyl ether (3 

x 30 mL), dried (MgSO4) and concentrated under reduced pressure to afford 0.29 g of a 

yellow oil. The crude product was purified by successive column chromatography with 10% 

ethyl acetate in X4 then 2% methanol in dichloromethane to furnish the acid (51) as a 

yellow oil (0.05 g, 11%). (Rf: 0.31 in 10% methanol in dichloromethane). [α]D
20

-21.5 (lit. 

[α]D
14

 −18.0° (c 0.17, MeOH)
188

) (c 0.65 check, CHCl3). 

 

1
H NMR δ (400 MHz) (CDCl3): 6.90 (1H, tq, Jt =  7.5, Jq 1.4, H-3), 5.91 (1H, dd, J = 10.8, 

17.3, H-7), 5.24 (1H, dd, J = 17.3, 1.0, H-8a), 5.10 (1H, dd, J = 10.8, 1.0, H-8b), 2.29-2.21 

(2H, m, H-4), 1.84 (3H, s, CH3 -(2)), 1.70-1.62 (2H, m, H-5), 1.32 (3H, s, CH3 -(6)). 

 

m/z (%): 166 (2), 151 (3), 138 (6), 121 (13), 111 (14), 103 (18), 95 (15), 82 (11), 71 (100) 

55 (25), 43 (62), 28 (90).  

 

The 
1
H NMR and mass spec data was consistent with that reported previously.

134,157 
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6.2.4  Alternative Syntheses for Menthiafolic Acid (51) 

 

6. 2. 4. 1  Preparation of Linalyl acetate-8-carboxylic acid (64); ((2E,6R)-6-

(Acetyloxy)-2,6-dimethylocta-2,7-dienoic acid) Using Hydrogen Peroxide-Sodium 

Chlorite Oxidation 

 

Crude (-)-linalyl acetate-8-aldehyde (63) (3.02 g, 16.39 mmol) was dissolved in 

acetonitrile (15 mL) and water (6 mL). NaH2PO4•2H2O (0.63 g, 4.06 mmol) and hydrogen 

peroxide (35% in water, 1.5 mL) were added. The mixture was cooled to 10 
o
C and sodium 

chlorite (2.44 g, 26.99 mmol in 20 mL water, 1.35 M) was added over 2 hours. The 

mixture was stirred for 2 hours at 10 
o
C and additional hydrogen peroxide was added (35% 

in water, 1.5 mL). Sodium chlorite was then added (3.00 g, 33.2 mmol in 20 mL water, 

1.66 M) over 2 hours and the mixture stirred for 12 hours. The reaction was quenched with 

sodium sulfite (0.47 g, 3.73 mmol) and acidified with hydrochloric acid to pH 2. The 

mixture was extracted with dichloromethane (4 x 150 mL), dried (MgSO4) and the solvent 

was removed under reduced pressure. 

 

The product was purified by successive silca gel column chromatography employing 50% 

ethyl acetate in X4 then 20% ethyl acetate in X4 then follwed a gradient from 5% ethyl 

acetate in X4 – 20% ethyl actetate in X4 to afford 0.25 g (7%) of the pure acid (64) as a 

clear oil.  

 

1
H NMR δ (400 MHz) (CDCl3): 6.88, (1H, td, J = 7.3, 0.6, H-3), 5.96 (1H, dd, J = 11.1, 

17.5, H-7), 5.17 (2H, dd, J = 10.7, 17.8, H-8), 2.25-2.15 (4H, m, H-4,5), 2.21 (6H, s, OAc), 

1.83 (3H, s, CH3-2), 1.57 (3H, s, CH3-6). 
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6.2.4.2  Preparation of Menthiafolic Acid (51) 

 

To a solution of linalyl acetate-8-carboxylic acid (64) (0.11 g, 0.50 mmol) in ethanol (2.5 

mL) was added aq. sodium hydroxide (4 M, 2.5 mL) and the mixture stirred at ambient 

temperature for 18 hours. Hydrochloric acid (aq. 5 M, 2.5 mL) was added and the mixture 

stirred for 5 minutes. The mixture was extracted with dichloromethane (4 x 10 mL), dried 

(MgSO4) and concentrated affording (51) 0.09 g (95%) of a clear oil. Characterisation by 

1
H NMR gave a spectrum identical to that reported above. 

 

6.2.4.3  Microwave Oxidation of (-)-Linalool (3,7-Dimethylocta-1,6-dien-3-ol) (42) 

 

(-)-Linalool (42) (2.03 g, 13.1 mmol), selenium dioxide (0.74 g, 0.66 mmol) and butanoic 

acid (70%, 1.75 g, 19.8 mmol) were dissolved in dichloromethane (4 mL). Silica gel (4 g) 

was added to form a slurry and excess solvent was removed under reduced pressure. This 

solid was then exposed to microwave radiation at 300 W for 30 minutes (200 
o
C 

maximum). The product was extracted with diethyl ether (50 mL), filtered through Celite 

which was then further washed with ether (100 mL). The filtrate was washed with 

potassium hydroxide (aq., 10% w/v, 5 x 50 mL), dried (MgSO4) and the solvent removed 

under reduced pressure to afford a brown oil (1.41 g).  

 

Attempts at purification by column chromatography were unsuccessful as there were many 

by-products. Analysis by TLC and  
1
H NMR showed none of the desired product present. 

 

6.2.4.4  Methylation of Crude Linalyl acetate-8-carboxylic acid (64) using Oxalyl 

Chloride 

 

Oxalyl chloride (40 µL, 0.46 mmol), pyridine (70 µL, 0.87 mol) and methanol (8 mL, 197 

mmol) were added to crude linalyl acetate-8-carboxylic acid (64) (0.09 g, 0.46 mmol). The 
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mixture was stirred under nitrogen for 16 hours. The reaction was quenched with 15% w/v 

sodium carbonate solution and extracted with dichloromethane (3 x 10 mL) then washed 

with copper sulfate (sat. 3 x 10 mL), dried (MgSO4) and concentrated under reduced 

pressure to afford a yellow oil (0.12 g). 

 

Analysis by TLC showed several impurities which were extremely difficult to remove. The 

product was not isolated in a pure form from this method. 

 

6.2.4.5  Methylation of Crude Linalyl acetate-8-carboxylic acid (64) using 

Diazomethane 

 

Diazomethane prepared as per the method mentioned previously was added to a crude 

sample of linalyl acetate-8-carboxylic acid (64). The mixture was stood for 30 minutes 

until the mixture became colourless denoting complete evaporation of the diazomethane. 

 

Analysis by TLC also showed several impurities in the mixture which posed a problem in 

the purification of 64. This method was not pursued any further.  

 

6.2.5  Hydrolysis Experiments 

 

(R)-2,6-Dimethyl-6-hydroxyocta-2,7-dienoic acid (menthiafolic acid) (51) was added to 

model wine (10% v/v ethanol) to give a concentration of 5 mg/L. Samples were prepared at 

either pH 3.0, 3.2 or 3.4 then 10 mL aliquots were sealed in ampoules under nitrogen and 

left at either room temperature or 45 
o
C for 9 months.  
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6.2.6  Preparation of Samples for Analysis 

 

Hydrolysis samples were added to sodium bicarbonate (~3 g) and extracted with 

pentane/ethyl acetate (2:1, 5 mL). After settling (~1 hr), the organic layer was removed and 

concentrated with a stream of nitrogen to approximately 250 µL. This was transferred to a 

GC/MS vial and capped for analysis. 

 

6.2.7  Chiral Analysis of Wine Lactone in Hydrolysates 

 

Samples were analysed by GC/MS. The GC was fitted with a CycloSil-B fused silica 

capillary column (Agilent, 113-6632, 30 m x 0.320 mm I.D. 0.25 µm film thickness). The 

carrier gas was helium (BOC gases, ultra high purity), linear velocity 39 cm/sec, flow rate 

1.2 mL/min. The oven temperature was started at 60 
o
C, held at this temperature for 1 min., 

increased to 150 
o
C at 10 

o
C/min., then increased to 230 

o
C at 3 

o
C/min. and held at this 

temperature for 5 min. The injector, in splitless mode, was held at 200 
o
C and the transfer 

line at 230 
o
C. The sample injection volume was 1 µL. The liner was borosilicate glass, 

tapered, with a plug (2-4 mm) of resilanised glass wool near the column interface. Samples 

were analysed in selected ion monitoring (SIM) mode and the ions monitored were m/z 151, 

166, 138 and 123. 

 

6.2.8  Chiral Analysis of Synthetic ((-)-(2E,6R)-6-Hydroxy-2,6-

dimethylocta-2,7-dienoic acid) (Menthiafolic Acid) (51) as the Methyl 

Ester (67) 

 

Ethereal diazomethane (200 µL) was added to samples of menthiafolic acid (racemic and 

enantiomerically pure (-)-enantiomer) (51) and allowed to react until the solvent 

evaporated. Ethereal diazomethane (~200 µL) was added again to ensure complete 

conversion to the methyl ester and the mixture was left to react until it was colourless; 

indicating the evaporation of diazomethane from the solution. Samples were then analysed 

by GC/MS as per the GC/MS parameters described in 6.2.7 with the exception that the MS, 

in scan mode, scanned for ions in the range m/z 35-350. 
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6.2.9  Racemisation of Wine Lactone (50) 

 

Phosphate-citrate buffer (pH 3.2, 10 mL) was spiked with optically active (-)-wine lactone 

(50) at a concentration of 5 mg/L and the mixture was heated under reflux. Samples (3 mL) 

were taken after 2, 4 and 8 hours. Each sample (3 mL) was extracted with pentane:diethyl 

ether (1:1, 3 x 2 mL), dried (MgSO4) and concentrated under a stream of nitrogen. Samples 

were transferred to a GC vial and capped for analysis. 

 

Samples were analysed as described previously. Analysis showed no racemisation of the 

optically active wine lactone over the 8 hour period. 

 

6.2.10 Slow Simultanteous Distillation Extraction  

 

Simultaneous Distillation Extraction (SDE) was carried out in a Lickens Nickerson 

apparatus as described by Lickens and Nickerson.
158

 (R)-Menthiafolic acid (51) (9.3 mg, 

0.05 mol) was added to phosphate-citrate buffer (pH 3.2, 100 mL). The reaction products 

were extracted into pentane:diethyl ether (1:1, 100 mL). Phosphate-citrate buffer was 

brought to reflux slowly (over approximately 25 minutes). The distillation was carried out 

for 4 hours. The extract was dried (MgSO4) and concentrated to ~200 µL using a Vigreaux 

column at 40 ⁰C.  

 

Samples were analysed for wine lactone (50) as described previously.  

 

6.2.11  Fast Simultaneous Distillation Extraction 

 

(R)-Menthiafolic acid (51) (12.9 mg, 0.07 mmol) was added to phosphate-citrate buffer 

(pH 3.2, 100 mL). The cyclisation products were extracted into diethyl ether. The 

phosphate-citrate buffer was brought to reflux quickly (over approximately 2-5 minutes). 

The distillation was carried out for 4 hours. The extract was dried (MgSO4) and 
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concentrated (~200 µL) using a Vigereaux column at 40 ⁰C.  Samples were analysed as 

described previously.  

 

6.2.12 Formation of Wine Lactone (50) in Diethyl Ether 

 

(-)-Menthiafolic acid (51) (48 mg, 0.02 mmol) was added to diethyl ether (20 mL) and the 

solution was heated under reflux for 4 hours. The mixture was then taken and concentrated 

under a stream of nitrogen to ~200 µL. The sample was transferred to a GC vial fitted with 

an insert and capped for analysis. Samples were analysed as described previously.  

 

6.3 Development of a SIDA Method for Analysis of Menthiafolic Acid (51) 

 

6.3.1  Preparation of d5-6-Methyl-5-hepten-2-one; (6-methyl(1,1,1,3,3-
2
H5)hept-5-en-2-one) (79)  

 

 

6-Methyl-5-hepten-2-one (78) (20 mL, 0.138 mol) was added to a solution of pyridine (90 

mL) and D2O (70 mL). Sodium hydride (anhydrous, ~ 50 mg) was added and the mixture 

stirred at room temperature for 48 hours. The reaction was quenched with sat. ammonium 

chloride (50 mL) solution and the mixture was extracted with dichloromethane (3 x 100 

mL). The combined organic layers were dried (MgSO4) and concentrated under reduced 

pressure until 100 mL of residue was left and the extract was further washed with sat. 

copper sulfate solution (5 x 50 mL) and water (2 x 100 mL). The organic layer was dried 

(MgSO4) and concentrated under reduced pressure. The yellow residue was then distilled 

under reduced pressure (45-47 
o
C at 5 Torr) to afford a clear oil (12.9 g, 72%). 
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1
H NMR (CDCl3) 400 MHz : 5.06 (1H, tq, Jt = 7.2, Jq = 1, H-5), 2.23 (d, J = 7.1, 2H, H-

4), 1.7 (3H, s, C7, CH3), 1.6 (3H, s, C7, CH3). 

 

m/z (%): 131 (M+, 8), 113 (83), 95 (17), 85 (12), 76 (12), 69 (60), 63 (21), 56 (33), 46 

(100), 41 (48), 27 (10). 

 

The 
1
H NMR data was consistent with that reported previously.

92
 

 

6.3.2  Synthesis of d5-Linalool; (3,7-Dimethyl-3-(
2
H3)methyl(4,4-

2
H2)octa-

1,6-dien-3-ol ) (80) 

 

 

  

d5-6-Methyl-5-hepten-2-one (79) (6.54 g, 49.8 mol) was dissolved in THF (80 mL, 

anhydrous) and stirred at 0 
o
C. Vinyl magnesium bromide (1 M in THF, 70 mL, 70 mmol, 

approx 1.5 equiv.) was added and the mixture was stirred at 0 
o
C for 30 minutes. After 5 

hours, more vinylmagnesium bromide was added (1 M in THF, 20 mL, 20 mmol, total 

approx 1.8 equiv.) at 0 
o
C. The mixture was stirred for a further 2 hours, then cooled to 0 

o
C and quenched with ammonium chloride (aqueous, saturated, 40 mL). The mixture was 

filtered through kenite and the kenite was washed with dichloromethane (3 x 100 mL). 

After addition of water (50 mL), the filtrate was extracted with dichloromethane (2 x 100 

mL) and the combined organic extract was dried (MgSO4) and concentrated under reduced 

pressure. The resulting residue was distilled under reduced pressure (bp. 64-66 
o
C at 2 Torr) 

to afford a clear oil (4.69 g, 60%) of the titled compound (80). 
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1
H NMR (CDCl3) 400 MHz : 5.90 (1H, dd, J = 10.7, 17.3, H-2), 5.20 (1H, dd, J = 17.3, 

1.1, H-1a), 5.14-5.09 (1H, m, H-6), 5.05 (1H, dd, J = 10.7, 1.2, H-1b), 2.06-1.95 (2H, m, 

H-5), 1.68 (3H, s, C-7 CH3), 1.60 (3H, s, C-7 CH3), 1.55 (1H, s, OH).  

 

m/z (%): 141 (M-18, 15), 126 (24), 98 (73), 85 (52), 74 (100), 69 (56).  

 

The 
1
H NMR data was consistent with that reported previously.
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6.3.3  Synthesis of d5-Linalyl acetate; (7-Methyl-3-(
2
H3)methyl(4,4-

2
H2)octa-1,6-dien-3-yl acetate) (81) 

 

 

 

d5-Linalool (80) (3.21 g, 20.2 mmol) was added to a mixture of triethylamine (4 mL) and 

acetic anhydride (3 mL, 3.15 mmol). DMAP was then added (0.15 g) and the solution was 

stirred for 9 hours before acidification (2 M, HCl, 25 mL) and extraction with ether (3 x 10 

mL). The combined ethereal extracts were washed with NaHCO3 (2 x 10 mL, sat.), dried 

(MgSO4) and concentrated under reduced pressure. The brown residue was distilled under 

reduced pressure (82-88 
o
C) at 4 Torr to afford a clear oil (3.43 g, 85%) of the pure acetate 

(81). 

 

1
H NMR (CDCl3) 400 MHz : 5.97 (1H, dd, J= 17.6, 11.0, H-2), 5.17-5.07 (3H, m, H-1, 6), 

1.99 (3H, s, OAc), 1.95 (2H, d, J  = 7, H-5), 1.67 (3H, s, H-8), 1.59 (3H, s, H-8). 

 

m/z (%): 141 (M-60, 14), 126 (35), 98 (100), 85 (56), 69 (54), 43 (78). 
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6.3.4  Synthesis of d5-Linalyl acetate-8-aldehyde ((6E)-7-Methyl-3-

(
2
H3)methyl-8-oxo(4,4-

2
H2)octa-1,6-dien-3-yl acetate) (82) 

 

 

d5-Linalyl acetate (81) (2.74 g, 13.5 mmol) was added to 1,4-dioxane (50 mL) and water (6 

mL). Selenium dioxide (2.39 g, 21.6 mmol) was then added and the mixture was heated 

under reflux for 20 hours. The reaction mixture was cooled and filtered through celite and 

washed with diethyl ether (250 mL). The combined organic layer was washed with water 

(5 x 100 mL) and saturated sodium bicarbonate solution (2 x 100 mL), dried (MgSO4) and 

concentrated under reduced pressure to furnish 2.64 g of a red oil. Purification on silica gel 

column chromatography (dichloromethane Rf: 0.29) afforded a pale yellow oil which was 

filtered through celite to give (82) as a yellow oil (0.69 g, 24%). 

 

1
H NMR (CDCl3) 400 MHz : 9.38 (1H, s, C(O)H), 6.46 (1H, tq, Jt = 7.4, Jq = 1.3, H-3), 

5.96 (1H, dd, J = 11, 17.5, H-2), 5.21-5.16 (2H, m, H-1), 2.35 (2H, d, J = 7.3, H-5), 2.01 

(3H, s, OAc), 1.73 (3H, s, H-8). 

 

The chemical and physical properties were consistent with those of the protio analogue 

reported above. 
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6.3.5  Synthesis of d5-Menthiafolic acid; ((2E)-6-Hydroxy-2-methyl-6-

(
2
H3)methyl(5,5-

2
H2)octa-2,7-dienoic acid) (83) 

 

 

d5-Linalyl acetate-8-aldehyde (82) (0.51 g, 2.9 mmol) was added to a mixture of silver 

oxide (1.62 g, 13.1 mmol) and 10%  aqueous sodium hydroxide solution (20 mL). The 

mixture was vigorously stirred for 2.5 hours at 50 
o
C. The reaction mixture was filtered 

then acidified to pH 2 (10% hydrochloric acid). The filtrate was extracted with diethyl 

ether (3 x 30 mL), dried (MgSO4) and concentrated under reduced pressure to afford 0.29 g 

of a yellow oil. The crude product was purified by column chromatography with ethyl 

acetate:X4:acetic acid (10:89:1) to afford the acid (83) as a yellow oil (0.11 g, 20.2%). (Rf: 

0.31 in 10% methanol in dichloromethane). 

 

1
H NMR (CDCl3) 400 MHz : 6.89 (1H, tq, Jt = 7.5, Jq = 1.4, H-3), 5.91 (1H, dd, J = 17.3, 

10.6, H-7), 5.21 (1H, dd, J = 17.3, 0.9, H-8a), 5.10 (1H, dd, J = 10.6, 0.9, H-8b), 2.25 (2H, 

m, H-4), 1.83 (3H, br.s, CH3-2). 

 

m/z (%): 171 (M-18, 3), 143 (8), 125 (15), 116 (22), 98 (28), 85 (18), 74 (100), 55 (24), 46 

(46). 

 

The chemical and physical properties were consistent with those of the protio analogue 

reported previously. 
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6.3.6  Method Development for Analysis of Menthiafolic Acid (51) 

 

6.3.6.1 General Method used for Solid Phase Extraction of Wine Lactone (50) and 

Menthiafolic Acid (51) using Cartridges 

 

Samples were extracted prior to analysis via solid phase extraction. Cartridges (100-300 

mg of sorbent) were preconditioned with methanol (4 mL) then water (4 mL). The sample 

was percolated through the cartridge at less than 2 mL/min. using a vacuum manifold. The 

solid phase adsorbents were then washed with water (4 mL), dried (15 minutes) and eluted 

with the organic solvent. Samples to be analysed for wine lactone (50) were then 

concentrated to ~ 200 µL under a stream of nitrogen and analysed by GC/MS. Samples to 

be analysed for acid (51) were dried under vacuum, derivatised with diazomethane (as 

described below), concentrated under a stream of nitrogen and analysed by GC/MS. 

 

6.3.6.2 General Method for Solid Phase Extraction of Wine Lactone (50) and 

Menthiafolic Acid (51) with Resins not Pre-packed in Cartridges. 

 

Resins were preconditioned as per manufacturer’s instructions  The resin was poured as a 

slurry into the column (30 cm x 2 cm) and to half way. The resin was then washed with 

methanol (50 mL) and water (50 mL). Sample was then adsorbed onto the resin and the 

resin was washed with water (20 mL). Finally, elution was carried out with 50 mL of the 

organic solvent. Samples were then dried and concentrated using a Vigreaux column (40 

o
C). Further concentration was carried out under a stream of nitrogen and samples to be 

analysed for (51) were derivatised as per the method stated previously. 
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6.3.6.3 Instrumental Analysis of White Wine and Model Wine Extracts for Method 

Development for Analysis of Menthiafolic Acid (51) as the Methyl Ester (Methyl 

(2E,6R)-6-hydroxy-2,6-dimethylocta-2,7-dienoate)(67)  

 

All trial wine extracts were analysed for methylated acid (67) by GC/MS. All samples 

were analysed with a ZB-Wax column (Phenomenex Zebron, 7HG-G007011, 30 m x 0.25 

mm ID x 0.25 µm). The carrier gas was helium (Coregas, ultra high purity), linear velocity 

40 cm/sec, flow rate 1.2 ml/min., vacuum compensated at the mass spectrometer interface. 

The oven temperature started at 50 
o
C and was held for 1 minute. The temperature was 

then increased to 240 
o
C at a rate of 10 

o
C/min. and held for 10 mins. The injector, in 

splitless mode was held at 220 
o
C and the transfer line at 250 

o
C. The sample injection 

volume was 2 µL. The liner used was borosilicate glass, tapered, with a plug (2-4 mm) of 

resilanised glass wool near the column interface. Samples were analysed in selected ion 

monitoring (SIM) mode and the ions monitored were m/z 71, 97, 117 and 138.  

 

6.3.7  SIDA Analysis of Menthiafolic Acid (51)  

 

6.3.7.1 Sample Preparation for SIDA Analysis of Menthiafolic Acid (51) as the Methyl 

Ester (67) 

 

White wine or juice samples (100 mL) were spiked with a solution of d5-menthiafolic acid 

(250 L, 0.10 mg/mL in ethanol). Samples were then extracted via solid phase extraction 

with LiChrolutEN resin (300 mg) as described above. The analyte was recovered by 

elution with diethyl ether (4 mL). Samples were then concentrated under a stream of 

nitrogen. Derivatisation with ethereal diazomethane (~ 500 µL) was carried out and 

samples were allowed to react for 30 mins. Samples were then concentrated to 200 L 

under a stream of nitrogen and transferred to 2 mL GC/MS vials with 250 L inserts for 

analysis. 
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Red wines (100 mL) were spiked with a solution of d5-menthiafolic acid (250 L, 0.10 

mg/mL in ethanol) prior to treatment with PolyVinyl (Poly) Pyrollidone (PVPP) (~5 g). 

Treated wines were then centrifuged at 10,000 rpm at 4 
o
C for 25 minutes and the 

supernatant was taken for extraction. Samples were processed as per the above method for 

white wine samples. 

 

6.3.7.2  Method Validation 

 

A calibration curve for menthiafolic acid (51) was obtained with spiked standard additions 

to model wine (pH 3.3). Menthiafolic acid (51) was added to afford concentrations of 0, 5, 

10, 50, 100, 250, 500 and 2000 g/L. All spiked samples were prepared, extracted and 

analysed in duplicate as described above. A standard curve in white wine was also 

produced with wines spiked with 0, 5, 10, 50, 100, 150, 250, 500, 1000, 2000 g/L  of 

analyte for comparison with the model wine curve. Six replicates of the 10 and 500 g/L 

spiked white and model wine samples were also prepared, extracted and analysed to test 

the repeatability of the method. The model wine calibration curve was linear throughout 

the concentration range with a correlation coefficient (r
2
) of 0.9998 for (51) and with 

standard deviations of 6.5% and 3.5% at 10 and 500 µg/L, respectively. LOD = 5 g/ L, 

LOQ = 15 g/L. The white wine curve was linear throughout the concentration range with 

a correlation coefficient (r
2
) of 0.9987 for (51) and correlated well with the model wine 

curve (Figure 3-5). A juice standard curve was prepared in verjuice with low amounts of 

(51) present. Samples were made up in duplicate at concentrations of 0, 5, 10, 150, 250, 

500, and 2000 µg/L. The juice curve was linear throughout the concentration range with a 

coefficient of correlation of 0.9993. The slope of the curve was identical to that of the 

model wine curve (Figure 3.5).  

 

On the day of analysis, a mini curve was prepared using model wine. Three concentration 

points were prepared in duplicate at 5 µg/L, 500 µg/L and 2000 µg/L and extracted 

simultaneously with the wine samples. QCs at 10 and 500 µg/L in white wine were also 

prepared in duplicate and analysed with the wine samples. All wine and juice samples were 

prepared in duplicate. 
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6.3.7.3 Instrumental Analysis 

 

All samples were analysed by GC/MS. The GC was fitted with a VF-Wax-MS fused silica 

capillary column (Varian CP207, 60 m, 0.25 mm ID, 0.25 m film thickness). The carrier 

gas was helium (Coregas, ultra high purity) linear velocity 28 cm/sec, flow rate 1.2 

mL/min., vacuum compensated at the mass spectrometer interface. The oven temperature 

was started at 50 
o
C and held at this temperature for 1 min. The temperature was then 

increased at a rate of 15 
o
C/min. to 170 

o
C. The temperature was then increased to 220 

o
C 

at 1.5 
o
C/min., then to 240 

o
C at 15 

o
C/min. and held for 10 mins. The injector in splitless 

mode was held at 220 
o
C and the transfer line at 250 

o
C. The sample injection volume was 

2 L. The liner used was resilanised borosilicate glass, tapered, with a plug (2-4 mm) of 

resilanised glass wool near the column interface. The quantifier ions used were m/z 74 for 

d5-(83) and m/z 71 for (51). Qualifiers were m/z 118, 46, 184,185 for d5-(83) and m/z 117, 

121, 153 and 180 for (51).  

 

6.3.8 Chiral Analysis of Acid 51 as the Methyl Ester (67) 

 

Wine extracts were analysed by GC/MS. The GC was fitted with a Cyclodex-B fused silica 

capillary column (Agilent 113-2532, 30 m, 0.32 mm ID, 0.25 m film thickness). The 

carrier gas was helium (Coregas high purity) linear velocity 26 cm/sec, flow rate 1.2 

mL/min. vacuum compensated at the mass spectrometer interface. The oven temperature 

was started at 50 
o
C and then the temperature was increased at a rate of 10 

o
C/min. to 100 

o
C, then to 175 

o
C at a 1.5 

o
C/min. and held at 175 

o
C for 6 minutes. The injector, in 

splitless mode, was held at 200 
o
C and the transfer line was held at 220 

o
C. The sample 

injection volume was 2 µL. Samples were analysed in Selected Ion Monitoring (SIM) 

mode, with the selected ions being m/z 71, 74, 180, 184, 185, 121, 46, 118 and 117. 
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6.4 Analysis of Wine Lactone (50) 

 

6.4.1 Attempted Non-SPE Extractions of (50) from Model Wine   

 

6.4.1.1 Freeze-Drying 

 

Model wine (50 mL) was spiked with wine lactone (50) (5 µg/L) and the sample was 

frozen at -20 
o
C for 24 hours. The sample was then placed inside a Labconco 6 Freeze-

drier and allowed to dry over 2 days. The sample was then extracted with dichloromethane 

(10 mL) and the extract was concentrated to ~ 200 µL under a stream of nitrogen and 

analysed by GC/MS. 

 

6.4.1.2 Ring-Opening and Closing of Wine Lactone (50) 

 

Model wine (200 mL) spiked with wine lactone (50) (100 µg/L) was basified to pH 13 

with aqueous sodium hydroxide (2 M) and the solution was stirred at 22.5 
o
C. Samples (3 

mL) were taken each hour, extracted (pentane:ethyl acetate, 2:1, 2 mL), and the reaction 

progress was monitored by GC/MS until no lactone (50) remained. The sample was then 

acidified to pH 2.5 with aqueous tartaric acid (10% w/v) and mixed at 22.5
 o
C. Samples (3 

mL) were taken each hour and treated as previously until lactonisation was complete.  

 

When used as a method for analysis of a sample, model wine (50 mL) spiked with (50) (5 

µg/L) was basified to pH 13 with sodium hydroxide (2 M, aq.) and the mixture was stirred 

at 22.5 
o
C for 2 hours. The resultant solution was evaporated in vacuo until about 10% had 

been removed. The mixture was then acidifed to pH 2.5 with tartaric acid (10% w/v, aq.) 

and mixed at 22.5
 o

C for 7 hours. The resultant solution was extracted via liquid-liquid 

extraction with pentane:ethyl acetate (2:1, 10 mL) and concentrated under a stream of 

nitrogen for analysis by GC/MS.  
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6.4.1.3 Solid Phase Microextraction of 50 from Model Wine 

 

For SPME samples an SPME (Supelco. Bellefonte, PA) fiber (10 mm length, 23 guage) 

coated with divinylbenzene/carboxen/polydimethylsiloxane (50/30 µm film thickness) was 

employed. The fibre was conditioned at 270 
o
C for 1 hour in the injection port prior to 

analysis. 

 

Wine lactone (50) was spiked (5 µg/L) into model wine (10 mL). NaCl (2.5 g) was added 

to the sample and the sample was analysed by GC/MS. Samples were incubated at 50 
o
C 

for 2 minutes and then were extracted whilst agitating at 250 rpm (10 sec. on 1 sec. off) for 

2 min. The sample was then desorbed in the injector over 10 min. with the injector held at 

220 
o
C. The carrier gas was helium (Coregas, ultra high purity), linear velocity 40 cm/sec. 

The flow rate was 1.2 mL/min. vacuum compensated at the mass spectrometer interface. 

The oven temperature program was started at 50 
o
C and held for 1 min. then increased at a 

rate of 10 
o
C/min. to 240 

o
C and held at this temperature for 10 mins. The injector was in 

splitless mode and the transfer line was held at 250 
o
C. Samples were analysed for ions in 

the range m/z 50-350. 

 

6.4.2 Instrumental Analysis of Wine Lactone (50) Extracted from Wine 

and Model Wine 

 

GC conditions were as described above for analysis of menthiafolic acid (51) in model 

wine extracts (Section 6.3.6.3). All samples were analysed on a ZB-Wax column 

(Phenomenex Zebron, 7HG-G007011, 30 m, 0.25 mm ID, 0.25 µm film thickness). The 

carrier gas was helium (Coregas, ultra high purity), linear velocity 40 cm/sec, flow rate 1.2 

ml/min., vacuum compensated at the mass spectrometer interface. The oven temperature 

was started at 50 
o
C and held for 1 minute. The temperature was then increased to 240 

o
C 

at a rate of 10 
o
C/min. and held for 10 mins. The injector, in splitless mode was held at 220 

o
C and the transfer line at 250 

o
C. The sample injection volume was 2 µL. The liner used 

was borosilicate glass, tapered, with a plug (2-4 mm) of resilanised glass wool near the 
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column interface. Samples were analysed in selected ion monitoring (SIM) mode and the 

ions observed were m/z 123, 138, 151 and 166. 

 

6.4.3  Continuous Liquid Extraction of Wine Lactone (50) from White 

Wine 

 

 ontinuous liquid extraction was carried out in a “more dense than water” apparatus as 

shown in Figure 5-5. Sodium chloride (25 g) was dissolved in 250 mL of wine and added 

to 70 mL of dichloromethane. Wine was extracted with 150 mL of dichloromethane over 

24 hours. The organic layer was washed with brine (2 x 100 mL), dried (MgSO4) and 

concentrated to 100 mL (Vigreaux, 40 
o
C). The extract was then washed with aqueous 

sodium bicarbonate solution (0.5 M, 2 x 200 mL), dried (MgSO4) and concentrated to 5 

mL (Vigreaux, 40 
o
C).  

 

The extract was then purified by column chromatography. A column (30 cm x 2 cm I.D) 

was filled with silica gel 60 and the extract was wet loaded onto the silica bed. Elution was 

carried out using pentane:ether (95:5, 200 mL) collected as fraction 1, (90:10, 200 mL, 

fraction 2), (70:30, 100 mL, fraction 3), (70:30 100 mL, fraction 4), (60:40, 200 mL, 

fraction 5) and (0:100, 200 mL, fraction 6). All fractions were concentrated to 5 mL 

(Vigreaux, 40 
o
C) and then further concentrated to 200 µL under a stream of nitrogen. 

Samples were then transferred to a 2 mL GC/MS vial fitted with a 250 µL insert ready for 

analysis by GC/MS. Wine lactone (50) was detected in fractions 3 and 4. 

 

6.4.4 Chiral Instrumental Analysis of Lactone (50) from Continuous 

Liquid Extracts 

 

The column fractions from 6.4.3 above were analysed by GC/MS. The GC was fitted with 

a Cyclodex-B fused silica capillary column (Agilent 113-2530, 30 m, 0.32 mm I. D., 0.25 

m film thickness). The carrier gas was helium (Coregas, ultra high purity) linear velocity 

37 cm/sec, flow rate 1.0 mL/min., vacuum compensated at the mass spectrometer interface. 
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The oven temperature was started at 50 
o
C and increased to 100

 o
C at 10 

o
C/min., then 

increased at a rate of 1.5 
o
C/min. to 175 

o
C and held for 6 min. The injector, in splitless 

mode, and the transfer line were held at 220 
o
C. The sample injection volume was 2 L. 

The liner used was resilanised borosilicate glass, tapered, with a plug (2-4 mm) of 

resilanised glass wool near the column interface. Samples were analysed in SIM mode and 

ions monitored were m/z 151, 16, 138, 123, 93 and 107. 

 

6.5 Fermentation Studies on 1-O-[(2E)-6-Hydroxy-2,6-dimethylocta-2,7-

dienoyl]hexopyranose (10) 

 

Either Chemically Defined Grape Juice Medium (CDGJM) or synthetic wine (900 ml) 

were spiked with a solution of the glucose ester (10) (0.66 mg/mL, 1.92 mL) to give a 

concentration of 1.32 mg/L. The spiked solution was then portioned out into separate 

fermenting flasks (150 mL) prior to inoculation. All fermentations and uninoculated 

controls were carried out in triplicate. 

 

6.5.1 Saccharomyces cerevisiae Fermentations 

 

CDGJM was spiked with glucose ester (10) as described above. Yeast 838 (300 µL of a ~2 

x 10
8
 cells/mL culture) in 1:1 Yeast Media (YM) and CDGJM was inoculated to all 

relevant flasks. Fermentations were incubated at 22 
o
C for 9 days and were shaken 

constantly at 120 rpm. Simultaneous control experiments were also carried out without 

yeast inoculation. Fermentation progress was monitored by weight. Analysis of residual 

sugar was carried out by the AWRI technical services to determine the progress of the 

fermentations. 

 

Two bulk ferments of 1.5 L CDGJM (no spike) were also carried out to produce synthetic 

wine for secondary fermentations. 1.5 L CDGJM was inoculated with 30 mL of a ~ 2 x 10
8
 

cells/mL culture and were incubated at 22 
o
C without shaking. 
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6.5.2 Dekkera bruxellensis Fermentations 

 

Synthetic wine was spiked with glucose ester (10) as described above. Samples were 

placed into an anaerobic hood at 22 
o
C for 2 days prior to inoculation in order to ensure 

complete removal of oxygen prior to fermentation. Yeast 1499 in 1:1 YM:synthetic wine 

was inoculated into all relevant flasks. Fermentations were incubated at 22 
o
C for 13 days 

before analysis for (51). Fermentation progress was monitored by sugar content. 

 

6.5.3 Oenococcus oeni Fermentations 

 

Synthetic wine was spiked with glucose ester (10) as described above. Prior to inoculation, 

samples were placed into an anaerobic hood in order ensure complete removal of oxygen. 

Oenococcus oeni in sterile water (300 µL) was inoculated to all relevant flasks and were 

incubated for 13 days at 22 
o
C. Fermentation progress was monitored by malic acid content 

(see below). 

 

6.5.3.1 Malic Acid Analysis 

 

Malic acid content was analysed using a TECAN robot. Wine samples were centrifuged at 

4000 rpm prior to analysis. Standards at 0.005, 0.01, 0.2, 0.33, 0.5 and 0.1 g/L malic acid 

were analysed to ensure linearity of the method. Glutamic oxaloacetic transaminase buffer 

(prepared from 200 mM Tris pH 9, 200 mM glycylglycine and 50 mM L-glutamic acid), 

nicotinamide-adenine dinucleotide (NAD) sodium salt solution, L-glutamic-oxaloacetic 

transaminase and the sample were added to a well of a 96 well plate. After 3 minutes, the 

plate was read at 340 nm. Malate dehydrogenase buffer (100 mM Tris pH 7.6) and L-

Malate dehydrogenase were then added to each well and after 6 minutes, the plate was 

read at 340 nm again and malic acid content is calculated.                                                     .
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