v-Lactones in wine:

Synthesis, quantification and sensory studies

A thesis submitted in fulfilment of the

requirements for the degree of

Doctor of Philosophy

Rachel Christine Brown

BTech (Forens&AnalytChem), BSc (Hons)

Flinders University of South Australia

Faculty of Science and Engineering
School of Chemistry, Physics and Earth Sciences
Adelaide, South Australia

November 2007



Table of contents

Table of CONLENLS....uueiieiiieiiiiiriiiiiiienitecsinseesteesnicsaenssesssesssessasssssesssessssssssasssassns i
LSt Of fIGUIES ceeerieiineriiinisnnriiniinnnicsssnnicssssnrncsssssssesssssssssssssssssssssssssssssssssssssssssssssssans \4
LISt Of £aDIES ccuuueeeiiniiiiniiiniiintiinittessntiesstenessntecsssnecsssnesssssessssesssssesssssesssssssssssssssses viii
ADSEFACE couueenriirerieinenieieesiinsaesnesaesssesnessesssessnsssnssssssaessesssesssssasssssssasssasssessassassssessasss xi
DeCIAration ...ccceeiieeiieenennsueniseecsnenssnesssnnseesssesssnssssesssnssssesssnssssesssssssassssasssssssassssassss xiv
ACKNOWICAGEIMENLS c..cceeeeeenriicsisnrrensssrricssssnssessssssssesssssssssssssssssssssssssssssssssssssssssssssans XV
PUblicationS .....uciveiiiuiinniiiiniiinniineisiinntisnniseissesssisssnssssssssesssssssssssssssssesssssssasns xvii
SYIMPOSIA.ccauiiiiisriiirrneissrncssricssrncsssresssssesssssesssssesssssesssssesssssssssssssssssssssssssssssssssssssss xviii
Abbreviations and SlOSSATY .......cceiciivriciinicssnicsssricsssncssssnessssessssnsssssssssssessssssssns Xix
1 Introduction to wine and the Australian perspective .......ccceceeeeverecsrarcsseresnes 1
1.1  The origin of grape vines in Australia ..........ccccceeeviieeiiieniiieeieecee e 1

1.2 The wine industry around the world.........c..ccccceviniininiiniiniee 3

1.3 The Australian Wine INAUSLIY .........cocveririiriiniiiiinieeeereeeeee e 5

| 2 O A 1 TS q o) o £ R 5

1.3.2  Wine maKing réZiOnS ........ceevuvieerureeeruieeniieeeireeeveeesieeesreeesveeeenes 6

1.3.3 Grape VATICHIES ...oveeueeiieiieiieeitenie ettt sttt st 7

1.4 Volatile compounds in WiNe ..........coceevuerieriiniiriinienienieneenie et seeens 9

1.5 SUMMATY .ttt ettt e e e stee e st e e sbeeenaseeennes 12

2 Introduction to oak wood and the oak lactones............cccvueeveccseecsercsuecsunncnns 14
2.1 08K WOOM ..ottt et 14
2.1.1  Oak wood in barrel manufacture ............cccceeeeiieniiiiienieeene 14

2.1.2  Oak wood volatile compounds ...........ccceeeeevienieneniieneenenienenn 16

2.2 The 0ak 1aCtONES ...c..eeviriieiieieciieieee e 16
2.2.1  Structural identification ...........ccceveeverienierienecee e 16

2.2.2  Reported levels in wine and 0ak...........ccceceeviiiiiiniiiiienice 18

223 Sensory STUAIES ..c...coueeiiriirieiieniierieetesieee et 19

2.2.4  Previous synthetic work on the oak lactones..........c...cceeveennenee. 21

2.3 Recent advances in 1,2-dioxine chemistry ..........c.ccocevevieniieciienieeiieneens 31
2.3.1  Formation of cis-y-hydroxXyenones.............ccecceevveerrerirrereeeneenne. 31

2.3.2  Utilisation of 1,2-dioxines in organic chemistry ............ccccou..... 33

2.3.3  Synthesis of y-lactones from 1,2-dioXines...........ccccevverveevrrennnnnns 35

2.4 ReSCArCh QIMS ...c..eiiiiiiiiiiiieiie et 36



3 Synthesis of enantiopure 0ak 1actones.........ceceevvericvvercscnicscnnicssnnicsssnessssnesnns 38

3.1 Preliminary work towards the oak lactones via a 1,2-dioxine precursor...38
3.1.1  Synthesis of the 1,2-diOXINE .......ccovvreevreeeiiiecieeeeeeeee e 38

3.1.2  Synthesis of the racemic trisubstituted y-lactone.........c....cc....... 41

3.1.3  Attempted reSOIUtion .........cceeeviieeeiiieiiieeieeee e 42

3.2 Synthesis the four stereoisomers of oak lactone...........ccceeveveriienienennn. 43
3.2.1  Utilisation of a chiral malonate for chromatographic resolution.43

3.2.2  Synthesis of the diastereomeric trisubstituted y-lactones............. 44

3.2.3  Thermal decarboXylations ...........ccccceevieeiieniieniieniieeie e 48

3.2.4  Oxidation using ruthenium ..........ccccveeerieeerieeninieeneeesieeeevee e 52

3.2.5 Barton ester formation and decarboxylation.............cccceeerveennne. 55

3.3 SUMMATY ..ottt ettt e e ee e s 59
4 Sensory studies on the 0aK 1aCtOnes ......c..ceevvueicrcuercssnicssnricsssnessssnessssnesssnesnns 60
4.1 Assessment of optical purity and assignment of absolute stereochemistry
for Synthetic SAMPIES ......c.everviiiiiiieeiiecee e 60

4.2 Odour threshold definitions ...........ccceviiiiiieiiiiiieeeeee e 63
4.3 Determination of odour detection thresholds in white and red wine......... 64
4.4 Duo-trio difference teSts .......c.eerieriiiiiiiiiiiiieeee e 68
4.4.1  The pairs of enantiomers of oak lactone............cccceeevveevcerennnnns 69

4.4.2  Oak lactone comparison between American and French oak......70

4.5 CONCIUSIONS. ....ueiiiiieiieeiiieiie ettt ettt ettt sttt e ebeeseaeebeesaeeens 71
5 Experimental — Part A ........coeiiiiveiinsreicnseicssnissssnsssssssssssnssssssssssssssssssssssassssses 72
5.1  General ProCeAUIES .........c.ceviieiieriieeiieiieeie et eee e eee e sreebeeeseeesseees 72
5.2 Experimental procedures for Chapter 3 ...........ccccoveviininiinieneniicnieeene, 74
5.3 Experimental procedures for Chapter 4 ...........ccccocevienenvinieneniicnicenne. 88
6 Introduction to grape-derived l1actOnes .........ccceevuerercuricssunesssnnessnnessasssssanssanes 91
6.1 Lactones in food and beverages...........cocuevviervierieeniienieeeeeee e 91
6.2 Sensory properties of some - and O-lactones.........c.ccccceeceerieneniiinienennne. 92
6.3 Chirality of y-1aCtones........cccerieriiiiiriiiiiieceeeeee e 94
6.3.1  Enantiomeric distribution of y-lactones in some fruits................ 94

6.3.2  Sensory analysis on the enantiomers of y-lactones...................... 95

6.4 Biosynthesis of y-1actones..........cccceeviiiiiiiiiiiiiii 96
0.5  Y-LacCtOnes 1N WINC .....c.ccevieiiieiiieiieeie et eite e ere e e seveebeesareebeeeeaeenseees 99
6.5.1  Identification of y-1actones ...........cccceeveeeciienienciieieeieeeeeee e, 99

ii



6.5.2  Quantification of Y-1aCtONes.........ccovvreerireriieeriieeie e 100
6.6 Stable isotope dilution assay (SIDA).......cccevvierieiiiieiieeieeieeeee e 101
0.7  RESCAICH QIS ..e.eeiuviiiiiiiiiiieiceeee et 103

Synthesis of deuterated standards and development of stable isotope

dilution analysis (SIDA) methods in Wine.......cceiicciivericsssnnicssssnnrecssssnsnees 104
7.1  Previous syntheses of deuterated y-lactones ..........cccceeeveeeciveenceeencieeennne. 104
7.2 Synthesis of penta-deuterated y-1actones ............ccoocueevieriienieniieeniienie 106

7.3 Development of head space solid-phase microextraction (HS SPME)
METROA ... e 111
7.3.1  Target and qualifier ions for ds-analogues............cccceeeeeiiennnnnns 111

7.3.2  Optimisation of solid-phase microextraction (SPME) procedure

7.3.3  Calibration functions, reproducibility and precision of method for

solid-phase microextraction (SPME).........cccecieviiiiinnineenne. 112

7.3.4  Application of solid-phase microextraction (SPME) method ... 114

7.4  Synthesis of septua-deuterated standards ............cccceeeviieniiieniiieniineene, 114
7.5 Development of the solid-phase extraction (SPE) method...................... 119
7.5.1  Target and qualifier ions for d;-analogues...........ccccceceereruennne. 119

7.5.2  Calibration functions, reproducibility and precision of method

using solid-phase extraction (SPE)........ccccccooviiviiieiieniiiiiieis 119

7.5.3  Application of solid-phase extraction (SPE) method ................ 121

Ti6  WINE SUIVEY ettt ettt ettt ettt ettt st et et sbe et e naeens 124
7.6.1  White wine analysis for y-lactone content..............cc.ccoeerurennnnns 124

7.6.2  Red wine analysis for y-lactone content ............cccccceeeveerieennnnnns 126

7.6.3  Graphical representation of concentration results for y-lactones in
white and red WINES ........c.cceeviieviieeiiieecieeeee e 128

7.6.4  Concentrations measured for the y-lactones grouped by variety

ANA VINEAZE ....ootieiiiiiieiie ettt 131

7.7 SUINIMATY ..oeeiiiiiiieiieeieee ettt et s e e seeeeneesineeneesaeesneenaneeas 133
Synthesis of optically pure y-lactones and development of chiral
quantification Method ........ccueieiveinirnrinirnnenssnncsssercssnncsssenssssnsssssssssssssssassssnes 135
8.1 Attempted synthesis using 1,2-dioxine chemistry .........cccccecevvevvenennene 135
8.1.1  Proposed synthetic methodology...........cccceriiiiiiiiiiiiiiiiiee 135

8.1.2  Validation of the methodology ..........cccceviiriiiiiiiiiiiiiiies 137

il



8.2  Synthesis of y-lactones from glutamic acid ..........cccceeevvveeciieencieeenieeeee, 139

8.2.1  Cuprate addition to toSylate..........cecueeviierieiiieniieiieeeieee 139

8.2.2  Wittig reaction for alkyl chain addition............cccceeeviininnnnne. 140

8.3 Development of chiral quantification method ............ccceevevieeniiiiennnenne. 144
8.3.1  Chiral analysis of synthetic y-lactone samples ...............cc.c....... 144

8.3.2  Calibration functions, reproducibility and precision of method for

chiral analysis .......ccccuieiiiiiiiiieecee e 146

84 WINE SUIVEY ..ottt ettt ettt ettt e st e et e et e et e saaeenbeesaeeenseesnneans 150

8.5 SUMMATY ..ot e 152

9  Sensory studies on the Y-1aCtones ......o.cuveenreerseecsenssnensnecssnncsaenssncsssecssnecsannes 153
9.1 Determination of odour detection thresholds in red wine............c........... 153

9.2 Odour threshold value trends across the series of (R)- and (S)-enantiomers

fOr the Y-1aCtONeS ....c.eeviiiiiiiiri e 157

0.3 CONCIUSIONS . c...eiitieiiiiieeeiie ettt ettt as 158

10 Experimental — Part B ........iiiiviiiiiiiiisnininniinssnncnsnicsssnicssssscsssssssssssssssnes 160
10.1 General ProCEAUIES .........eoueruierierieriieieniterie ettt 160

10.2 Experimental procedures for Chapter 7..........cocvvveevieeniieeniieeiiieeeieeens 160
10.2.1 Synthesis of ds-analogues of y-lactones.........c..ccoceeverirvennenne. 160

10.2.2 Method development for head space solid-phase microextraction

(HS SPME) ..t 167

10.2.3  Synthesis of d;-analogues of y-lactones..........c.cccceeeceeevveenerennen. 168

10.2.4 Method development for solid-phase extraction (SPE)............. 170

10.3 Experimental procedures for Chapter 8...........cccevveiiiniinieiiniiniiicnene 171
10.3.1 Synthesis of optically pure y-lactones ...........ccccceceevervireennenne. 171

10.3.2 Method development for chiral analysis........cc.ccoceeverininnennne. 192

10.4 Experimental procedures for Chapter 9..........cccoecvvevieiciieiienciieieeieeen, 192

11 APPENAICES .ouuvrirrnrircercssencssnicssanissssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 195
11.1 Odour threshold data for the oak lactones in white and red wine............ 195

11.2 Quantification results for y-octalactone, y-nonalactone, y-decalactone and

y-dodecalactone in white and red Wines ...........ccecvevveeviienieecieenieeneene, 203
11.3 Enantiomeric distribution of y-nonalactone in red wines ........................ 208
11.4 Odour threshold data for y-octalactone, y-nonalactone, y-decalactone and

y-dodecalactone in red WiNe..........cccveeeeiieeiieeeiieeie e 209

12 RETEICIICES ..oveerreeenneeeecreeereeeeeressssssessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 217



List of figures

Figure 1.1 Structural examples of aroma compounds in Wine...........cccceeverveneeenennee. 10
Figure 2.1 Important oak-derived volatile compounds ............ccccveevciveenciieencieeenieenns 16
Figure 2.2 The four possible stereoisomers of oak lactone.............coceeeveeniiniinnicns 17
Figure 2.3 Reactions of ester nucleophiles with a range of 1,2-dioxines................... 36
Figure 3.1 200 MHz 'H NMR spectrum for 1,2-dioxine 63 in CDCls....................... 40
Figure 3.2 Structures of chiral resolving agents used for attempted chromatographic
TESOTULION ..ttt et ettt et s e e bt e et e sbeesabeesbeeens 43
Figure 3.3 300 MHz 'H NMR spectrum for diastereomer 79 in CDCls..................... 46
Figure 3.4 300 MHz 'H NMR spectrum for acid 81a in CgDg.........ovvvverrerrrrrennenn. 48
Figure 3.5 300 MHz '"H NMR spectrum for cis-product 82a in Cg¢Dg.....oovvvvvennnenneee. 51
Figure 3.6 300MHz "H NMR spectrum for trans-product 83a in C¢Dg......veveneeeeee. 51
Figure 3.7 nOe correlations observed for the decarboxylated products cis-82a and
FFAIS=83 @ittt ettt ettt ettt e et e e et e e et e e eab e e e sabeeenabee s 52
Figure 3.8 300 MHz '"H NMR spectrum for cis-acid 84a in CDCls........ccccuveeeuneenneee. 54
Figure 3.9 300 MHz "H NMR spectrum for trans-acid 85a in CDCl;....................... 54
Figure 3.10 nOe correlations observed for oxidised product cis-84a.............cc........ 55
Figure 4.1 The four possible stereoisomers of oak lactone...........cccceeveveriineinnenee. 61

Figure 4.2 Chromatogram for the commercial sample showing the four stereoisomers
of oak lactone on a chiral column ..o 62
Figure 4.3 Chromatograms for synthetic oak lactone samples on a chiral column....62
Figure 4.4 Histograms showing the distribution of best estimate thresholds for
(4S,55)-cis-oak lactone (1a) in white and red Wine..........ccceeveeeviiniiiiienieeeeeee, 65
Figure 4.5 Histograms showing the distribution of best estimate thresholds for
(4R,5R)-cis-oak lactone (1b) in white and red Wine...........cceecveevievcieeiieniiiesieeie e, 66
Figure 4.6 Histograms showing the distribution of best estimate thresholds for
(4S,5R)-trans-oak lactone (2a) in white and red Wine...........ccoeeeeviieiieniieeneenieeen, 67
Figure 4.7 Histograms showing the distribution of best estimate thresholds for
(4R,5S)-trans-oak lactone (2b) in white and red Wine ...........ccecceevvieiienciieneenieenee. 68
Figure 6.1 Examples of SOme 1actones ...........c.oecueeiiiiiiieniieiieieceieeeeee e 91
Figure 6.2 Structures of y-octalactone, y-nonalactone, fy-decalactone and -

AOAECALACLONIE ..o e e e e e e e e e eeeeeaeeeeeeeeeeanans 93



Figure 6.3 Proposed formation of (R)-y-decalactone and (R)- and (S)-y-dodecalctone
oM OLE1C ACTA.....eeueiiiiiiiieiccee et 97
Figure 6.4 Proposed biosynthesis of (R)-y-decalactone and (R)-y-dodecalactone from
palmitoleic and oleic acids, reSPeCtiVelY .......cceeviieriiiiiiiiiiciee e 98
Figure 6.5 Proposed formation of (S)- and (R)-y-nonalactone from linoleic acid...... 99
Figure 7.1 Mass spectra of unlabelled (left) and ds-labelled (right) y-lactones ....... 110
Figure 7.2 Calibration functions for the y-lactones in a white wine ............c........... 113
Figure 7.3 Mass spectra of unlabelled (left) and d-;-labelled (right) y-lactones ....... 118
Figure 7.4 Calibration functions for the y-lactones in a white and a red wine......... 120
Figure 7.5 Average and maximum concentrations for y-octalactone, y-nonalactone
and y-decalactone in white and red WINes ...........ccoceevveriinieiiinienieeneeceeecee 129

Figure 7.6 Wines grouped by concentration for y-octalactone in the white and red

Figure 7.8 Wines grouped by concentration for y-decalactone in the red wines...... 131
Figure 7.9 Percentage of white and red wines that contained y-octalactone, y-

nonalactone and y-decalactone grouped by variety (above LOD) ........cccccoeeiennene 132

Figure 7.10 Results grouped by age as a percentage of white and red wines analysed

for that age bracket (above LOD).......ccooiiiiiiiiiiiiieiece e 133
Figure 8.1 Chromatogram for racemic y-lactones on a chiral column..................... 144
Figure 8.2 Chromatograms for synthetic y-lactones on a chiral column.................. 145

Figure 8.3 Calibration functions for (R)- and (S)-y-lactones in a white and a red wine

Figure 8.4 Percentage distribution of (R)- and (S)-enantiomers of y-nonalactone

SLOUPEA DY VATTCLY ..cvviiiiiiiieiiiieieeeee ettt ettt ettt ssa e et esaseesseeseaeensaesnneens 151
Figure 8.5 Percentage distribution of (R)- and (S)-enantiomers of y-nonalactone
GEOUPEA DY YOAT ..ttt ettt et eeteestseeteessseesseessaeensaensneans 152
Figure 9.1 The y-lactones under investigation in this Work ..........ccccceceveeiiniiencnne 153

Figure 9.2 Histograms showing the distribution of best estimate thresholds for the
enantiomers of y-octalactone (86a and 86b)..........cccccvveeeiierieiiieniieeieeeee e 155
Figure 9.3 Histograms showing the distribution of best estimate thresholds for the

enantiomers of y-nonalactone (87a and 87b).........cceovvreiiiinieniieiieeieeiecee e 155

vi



Figure 9.4 Histograms showing the distribution of best estimate thresholds for the

enantiomers of y-decalactone (88a and 88b) .........cccvvveviiieiiiiiiiieee e, 156
Figure 9.5 Histograms showing the distribution of best estimate thresholds for the
enantiomers of y-dodecalactone (89a and 89b) ..........ccoeeveeviiiiiiiiiiiiieee e, 157
Figure 9.6 Group odour threshold values for the y-lactones as a function of alkyl
Chain TENELN ..ot 158

vii



List of tables

Table 1.1 World grape and wine production, exports and consumption for 2005 ....... 4

Table 1.2 Exports of Australian wine by destination for the year 2005-2006 ............. 5
Table 1.3 Around Australia for the 2005-2006 VINtage .........ccovveeeveveercieeniieeeieeeeneenn 6
Table 1.4 Wine producing regions in AUStralia ...........ccccevvveenieeiienieeiieeie e 7
Table 1.5 Grape production by variety for the 2006 Australian harvest...................... 8
Table 1.6 Aroma descriptors for common white and red wine varieties ..................... 8
Table 2.1 Oak wood aroma deSCIIPLOTS .....ccuveervireriieerieeeiee e e e e eieeeeree e 15
Table 2.2 Odour detection threshold values for the oak lactones ............c.cccceeuenee 20
Table 2.3 Aroma descriptors for the four stereoisomers of oak lactone .................... 23

Table 2.4 Chiral GC-MS analysis on the composition of the samples synthesised by

WIIKINSON €F @1. ...t 24
Table 3.1 Characteristic 'H NMR data for ‘top’ and ‘bottom’ diastereomers ........... 47
Table 3.2 Yields obtained for the synthesis of nature identical oak lactones ............ 56

Table 3.3 "H NMR data for literature and synthetic cis- and trans-oak lactones....... 57
Table 3.4 Yields obtained for synthesis of non-nature identical oak lactones........... 58
Table 4.1 Oak lactone stereoisomers on a chiral gas chromatography column and
purity of the synthetic SAMPLES........cceeiiriiiiiiiiiiii e 61
Table 4.2 Group odour detection threshold values in white and red wine (pg/L) .....64
Table 4.3 Duo-trio difference test results for the pairs of enantiomers of oak lactone
in white and red Wine (N = 36)......ccciiiiiiiiiiiieiieeeeeee e 69
Table 4.4 Duo-trio difference test results for mixtures of (45,55)-cis-1a and (4S,5R)-

trans-2a stereoisomers in white and red wine (N =36) ........ccceeceeriiiiiiniiencenieeen, 70
Table 6.1 Food and beverage products in which lactones have been identified ........ 92
Table 6.2 Odour descriptors for laCtOnes ..........c.cecvveeiieriieriieiiesie et 92

Table 6.3 Odour threshold values (ng/L) for lactones in water or wine medium......93
Table 6.4 Enantiomeric ratios (R/S) in SOMe fruit.........ccceevvvievieniieniienieeieeie e 94
Table 6.5 Odour descriptors for the individual enantiomers of five-alkyl substituted
YLACLOMIES ...ttt ettt et e e et e et e e tb e e et b e e enaaeeenbaeeenneeeenneeene 96

Table 6.6 Concentrations measured (ug/L) for y-nonalactone and y-decalactone in

WITIES .ttt et ettt et e bt et e bt et e sht e et e bt et e e bt e e et e bt e et e e bt e bt e eh et et e e he e eab e e be et s 100
Table 6.7 Concentrations measured (pug/L) for y-lactones in wines..........c...cceeueee.n. 101
Table 7.1 Reaction yields obtained for the synthesis of the ds-y-lactones................ 108

viii



Table 7.2 "H NMR data for analytes and ds-labelled analogues of the y-lactones... 108
Table 7.3 *C NMR data for analytes and ds-labelled analogues of the y-lactones.. 109
Table 7.4 Target and qualifier ions monitored in SIM mode............cecvvevcireennnenns 111
Table 7.5 Correlation coefficients (1) and equation of the line for the calibration
fUNCtioNS 1N @ WHIte WINE.....ccuiiiiriiiiiiiiiiieie ettt 113
Table 7.6 Comparison of seven replicate determinations for accuracy and precision
1N @ WHITE W ..ttt ettt ettt e enaeeens 114
Table 7.7 Reactions yields obtained for the synthesis of the d;-y-lactones.............. 115
Table 7.8 "H NMR data for analytes and d;-labelled analogues of the y-lactones...116
Table 7.9 *C NMR data for analytes and d;-labelled analogues of the y-lactones.. 117
Table 7.10 Target and qualifier ions monitored in SIM mode...........cccceevieriennnne 119
Table 7.11 Correlation coefficients (r*) and equation of the line for the calibration
functions in a white and @ re€d WINE...........coceeiiriiiiiiiinieeceeeee e 120
Table 7.12 Comparison of seven replicate determinations for accuracy and precision
1N a White and @ 1€d WINE ......cc..eiiiiiiiiiiiieiee e 121

Table 7.13 Concentrations measured for the y-lactones in white and red wines (ug/L)

Table 7.14 Minimum, maximum and average concentrations for the y-lactones in red
WINES (JLE/LL) tntteeeiiie ettt ettt e et e et e e et e e enteeesnbeeeenbeeeennaeennree s 124
Table 7.15 Minimum, maximum and average concentrations for the y-lactones in
WHIte WINES (L) ettt 126

Table 7.16 Minimum, maximum and average concentrations for the y-lactones in red

WINES (L) ettt ettt ettt ettt ettt e et e e eaneas 128
Table 8.1 Experimental yields for alkenyl and final y-lactone products.................. 143
Table 8.2 Target and qualifier ions monitored in SIM mode........ccccocveveiiiniennene 146

Table 8.3 Correlation coefficients (r*) and equation of the line for the calibration
functions in a white and @ red WINE...........cceeviirieririinieeeeeeee e 148
Table 8.4 Comparison of seven replicate determinations for accuracy and precision

N a White and @ 1€d WINE ..........ooiuiiiiiiiiiie ettt 149
Table 8.5 Distribution of (R)- and (S)-enantiomers of y-nonalactone in red wines . 150
Table 8.6 Distribution of (R)- and (S)-enantiomers of y-nonalactone in red wines . 151

Table 9.1 Group odour detection threshold values in red wine (Ug/L).........c..c....... 154

X



Table 11.1 Odour threshold data for each judge for (4S5,55)-cis-oak lactone in white

Table 11.5 Odour threshold data for each judge for (4S,5R)-trans-oak lactone in

AL VLR ) s LR 199

Table 11.7 Odour threshold data for each judge for (4R,5S5)-trans-oak lactone in

WHIEE WITIE ... eeeeeeeee e e et e e e e e e e e et e e e e e e e e e e e e e e aaaeeeeeeeeaaeaaaeaeaeeeneaanaas 201

Table 11.9 Concentrations measured for y-octalactone, y-nonalactone, y-decalactone
and y-dodecalactone in various white wines (LE/L).......ccoceevverieniiiiniiineiiinicnene 203
Table 11.10 Concentrations measured for y-octalactone, y-nonalactone, y-decalactone
and y-dodecalactone in various red wines (/L) ....cccooveviriiniiniiiiniinccecee 205

Table 11.11 Distribution of (R)- and (S)-isomers of y-nonalactone in red wines ....208

Table 11.12 Odour threshold data for each judge for (R)-y-octalactone.................. 209
Table 11.13 Odour threshold data for each judge for (S)-y-octalactone .................. 210
Table 11.14 Odour threshold data for each judge for (R)-y-nonalactone................. 211
Table 11.15 Odour threshold data for each judge for (S)-y-nonalactone ................. 212
Table 11.16 Odour threshold data for each judge for (R)-y-decalactone ................. 213
Table 11.17 Odour threshold data for each judge for (S)-y-decalactone.................. 214
Table 11.18 Odour threshold data for each judge for (R)-y-dodecalactone ............. 215
Table 11.19 Odour threshold data for each judge for (S)-y-dodecalactone.............. 216



Abstract

y-Lactones are found in a wide variety of food and beverage products, in particular
grapes and wine. This thesis details the work completed on some y-lactones in wine:
their synthetic preparation, development of quantification methodologies and sensory

studies.

Chapter 1 outlines the history of the Australian wine industry from the arrival of the
first vines on the First Fleet in 1788 with Captain Arthur Philip. This chapter
provides: an overview of Australia’s position in the world of grape and wine
production; an analysis of the export arm of the industry; and a look at the different
wine producing regions around the country. The latter part of the chapter focuses on

the different volatile compounds found in wine.

Part A:

Chapter 2 provides an overview on the history of barrel manufacture and the use of
oak wood in cooperage, with an emphasis on oak’s well known ability to impart
desirable characteristics to wine through the extraction of volatile aroma compounds.
This chapter provides a summary of these odorants with a particular emphasis on the
oak lactones. Previous sensory studies and synthetic work are discussed. Of great
importance to this work are the recent advancements in 1,2-dioxine chemistry,

highlighted in this chapter.

Chapter 3 details the synthetic work completed for the preparation of all four
possible oak lactone stereoisomers. A suitably substituted racemic 1,2-dioxine
featured as the common intermediate and enabled preparation of the y-lactone moiety
upon reaction with a chiral malonate diester and separation of the diastereomers by
column chromatography. A key step involved the decarboxylation of the ester
cleaved y-lactone diastereomers, which could be directed to give either the cis- or
trans-products. Standard chemical transformations were then utilised to produce the

desired stereoisomers of oak lactone.
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Chapter 4 describes the results from the sensory studies that were completed on the
synthetic oak lactone samples. Odour detection thresholds were measured in both a
white and a red wine. The thresholds in the former medium were calculated to be 24
ug/L, 172 pg/L, 132 pg/L and 305 pg/L, while in the latter medium the thresholds
were calculated to be 57 pg/L, 380 ug/L, 175 pg/L and 285 ng/L, for (4S,5S5)-cis-,
(4S,5R)-trans-, (4R,5R)-cis- and (4R,55)-trans-oak lactone, respectively. Difference
testings were completed on the pairs of enantiomers and also on mixtures of the
nature-identical isomers: between the cis-enantiomers a significant difference was
found at the 99% confidence level, while between the frans-enantiomers and also the

mixtures of cis- and trans-isomers little difference was observed.

Chapter 5 contains the experimental procedures for Part A.

Part B:

Chapter 6 discusses the sensory properties of some y- and d-lactones, with the focus
on a series of five-alkyl substituted y-lactones: y-octalactone, y-nonalactone, Y-
decalactone and y-dodecalactone. Topics covered in this chapter include chirality,
biosynthetic pathways and quantification results in wine from previous studies for

these y-lactones.

Chapter 7 concerns the method development for the quantification of y-lactones in
wine using a stable isotope dilution assay (SIDA). Deuterated analogues were
prepared from commercially available racemic y-lactones for use as internal
standards. Initially a head space solid-phase microextraction (HS SPME) method
was developed using ds-standards; however, analysis of bottled wine samples
revealed the presence of co-eluting compounds that contained several of the selected
ions. Thus an alternative method was developed using d;-standards, with a specific
focus on sample clean-up, via solid-phase extraction (SPE). Using this procedure, 44
white and 120 red wines were analysed for their y-lactone content. The lactones
were found to be significantly more common in the red wines, with y-nonalactone the

most abundant lactone in this series.
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Chapter 8 deals with the extension of the SIDA method, as developed in Chapter 7,
for use with a chiral gas chromatography column. Optically pure standards were
prepared, from either L- or D-glutamic acid, and used to determine the order of
elution of the enantiomers. A method was developed for the quantification of the
individual enantiomers of vy-octalactone, y-nonalactone, 7y-decalactone and -
dodecalactone. The enantiomeric distribution of y-nonalactone was investigated in
34 red wines; the (R)-stereoisomer was found to be dominant with an average of
59%, although there were wines analysed that did contain the (S)-stereoisomer in

greater amounts.

Chapter 9 describes the results from the sensory studies that were completed on the
individual enantiomers of the y-lactones. Odour detection thresholds were measured
in a red wine. The thresholds were calculated to be 238 pg/L, 285 pg/L, 34 ng/L and
8 ng/L for the (R)-enantiomers, while the thresholds were calculated to be 135 pg/L,
91 ug/L, 47 pg/L and 39 pg/L for the (S)-enantiomers, of y-octalactone, 7-

nonalactone, y-decalactone and y-dodecalactone, respectively.

Chapter 10 contains the experimental procedures for Part B.

Chapter 11 contains the appendices, followed by the references in Chapter 12.
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ACCN
AcOH
Ac,O
AIBN
aka
ALO;
app.
BET
BHs.Me,S
bpt
brine

c

cat.
CCly
CsHs

(CH;),CHBr

CH,Cl,
cm
COSY
CuSOq4
o

DCC
DCl
DIBAL
DMAP
DME
DMF
DMSO
D,O

Abbreviations and glossary

degrees Celsius

heat

angstroms
1,1°-azo-bis-(cyclohexanecarbonitrile)
acetic acid (glacial)

acetic anhydride
2,2’-azo-bis-(2-methylpropionitrile)
also known as

aluminium oxide

apparent

best estimate threshold
borane-dimethyl sulfide

boiling point

saturated aqueous sodium chloride solution
concentration

catalytic

carbon tetrachloride

benzene

iso-propyl bromide
dichloromethane

centimetres

correlation spectroscopy

copper sulfate

chemical shift (parts per million)
N,N’-dicyclohexylcarbodiimide
deuterium chloride
di-iso-butylaluminium hydride
4-(N,N-dimethylamino)pyridine
1,2-dimethoxyethane
N,N-dimethylformamide
dimethyl sulfoxide

deuterium oxide

XIX



ee

EI
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EtOH

g
GC-MS
HCl
HMBC
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HRMS
hrs

HS SPME
Hz

J

KOH
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lit.

LOD
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MeCN
MeOH
mg

Hg
MgSOy4
MHz
mins
mL
mmol
um

mol

enantiomeric excess

electron impact

triethyl amine

ethyl acetate

diethyl ether

ethanol

grams

gas chromatography-mass spectrometry
hydrochloric acid

heteronuclear multiple bond connectivity
heteronuclear multiple quantum coherence
high resolution mass spectrometry
hours

head space solid-phase microextraction
hertz

coupling constant (Hz)

potassium hydroxide

litre

lithium di-iso-propylamide

literature

limit of detection

m-chloroperbenozic acid

methyl

acetonitrile

methanol

milligrams

microgram

magnesium sulfate

megahertz

minutes

millilitre

millimole

micrometer

mole
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NaBH,4
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NaHCO3
NaHSO4
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NaNO,
Na,SO4
NH,4CI
nm
NMR
nOe
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Pd-BaSO,
Ph

ppm

pyr

RuCls
sat.
SIDA
SIM
SPE
SO,
TBS
TFA
THF
TLC
TMEDA
TsCl

melting point

mass to charge ratio
sodium borodeuteride
sodium borohydride
sodium hydride

sodium hydrogen carbonate
sodium hydrogen sulfate
sodium periodate

sodium nitrite

sodium sulfate

ammonium chloride
nanometre

nuclear magnetic resonance
nuclear Overhauser effect
overnight

palladium on barium sulfate
phenyl

parts per million

pyridine

retention factor

room temperature
ruthenium trichloride

saturated

stable isotope dilution assay/analysis

selected ion monitoring
solid-phase extraction
sulfur dioxide
tert-butyldimethylsilyl
trifluoroacetic acid
tetrahydrofuran

thin layer chromatography

N,N,N’,N’-tetra-methylethylenediamine
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