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INTRODUCTION AND OBJECTIVES

1. INTRODUCTION AND OBJECTIVES

Sulfur-containing volatiles are important for the flavor of various foods (Mussinan &
Keelan, 1994; Blank, 2002; Vermeulen et al., 2005). Polyfunctional thiols are a
subgroup of sulfur-containing volatiles (Boelens & van Gemert, 1993; Vermeulen &
Collin, 2003). They play important roles due to their low odor thresholds and distinct
odor qualities (Collin et al., 2001; Collin & Vermeulen, 2006). Their sensory properties
are associated with certain structural features, such as the so-called "tropical
olfactophore", which is based on a 1,3-oxygen-sulfur relationship. This structural motif
has been studied extensively as it occurs in many aroma compounds that exhibit strong
tropical, fruity, or vegetal notes (Rowe, 2002; Robert ef al., 2009).

3-Mercaptohexanol is a well-known example of a polyfunctional thiol that meets these
structural requirements. 3-Mercaptohexanol and its acetate are naturally occurring
volatiles, identified for the first time in yellow passion fruits (Engel & Tressl, 1991) and
later shown to also occur in a variety of tropical fruits and wines (Cannon & Ho, 2018).
Since 3-mercaptohexanol is a chiral molecule, research has focused on assigning the
configurations of the enantiomers (Heusinger & Mosandl, 1984), determining their
naturally occurring distribution (Weber et al., 1994), and evaluating their sensory
properties (Steinhaus et al., 2008; Schoenauer et al., 2015).

As part of a programme aiming at the establishment of structure-odor relationships for
other chiral polyfunctional thiols and the elucidation of the impact of the configurations
of these molecules on their sensory properties, our research group has been focusing
on homologous series of fmercaptoalkanones and pmercaptoalkanols. This work
had been inspired by the fact that 4-mercapto-2-heptanone, its positional isomer
2-mercapto-4-heptanone, the corresponding [B-mercaptoalkanols 4-mercapto-
2-heptanol and 2-mercapto-4-heptanol, as well as the C9 homologue 4-mercapto-
2-nonanol have been reported in cooked red bell peppers (Capsicum annuum) (Naef
et al., 2008). The C5 homologue 4-mercapto-2-pentanone has been detected in
cheddar cheese (Kleinhenz et al., 2006; Kleinhenz et al., 2007).

Analytical and sensory characterizations have been performed for homologous series
(C5-C10) of 4-mercapto-2-alkanones (Wakabayashi et al., 2011; Wakabayashi et al.,
2015) and the corresponding 4-mercapto-2-alkanols (Noérenberg et al., 2017b).

Regarding the positional isomers, assignments of the configurations and assessments
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INTRODUCTION AND OBJECTIVES

of the sensory properties were available for the homologous series (C6-C10) of
2-mercapto-4-alkanones (Kiske et al., 2019). The first task in the course of the studies
for this thesis was to fill the remaining gap and to elaborate analytical and sensory data
for the homologous series (C6-C10) of the corresponding 2-mercapto-4-alkanols. The
stereoisomers of these chiral f-mercaptoalkanols should be separated via capillary
gas chromatography using chiral stationary phases, the configurations and the
GC-order of elution of the stereoisomers should be assigned, and the sensory
properties of the stereoisomers should be assessed via capillary gas chromatography/
olfactometry.

The second part of the thesis was devoted to derivatives of these fmercaptoalkanols,
i.e. alkyl-substituted 1,3-oxathianes resulting from their reaction with acetaldehyde. It
is noteworthy that already several years before the identification of 3-mercaptohexanol
in yellow passion fruits (Engel & Tressl, 1991) cis- and frans-2-methyl-
4-propyl-1,3-oxathiane, the reaction products from the condensation of
3-mercaptohexanol with acetaldehyde, have been described in a yellow passion fruit
concentrate (Winter et al., 1976). The configurations as well as the sensory properties
of the stereocisomers of 2-methyl-4-propyl-1,3-oxathiane were determined (Heusinger
& Mosandl, 1984; Mosandl & Heusinger, 1985; Kintzel & Frater, 1989), and the
distribution of the stereoisomers was elucidated (Singer et al., 1988; Weber et al.,
1995). More recently, the presence of cis-2-methyl-4-propyl-1,3-oxathiane has been
detected in several wines (Chen et al., 2018; Wang et al., 2021). A new 1,3-oxathiane
cis-2,4,4,6-tetramethyl-1,3-oxathiane has been described as a condensation product,
resulting from the reaction of 4-mercapto-4-methylpentan-2-ol with acetaldehyde in
wine (Wang et al., 2021).

In the light of these data, it seemed reasonable to devote research to structurally
related 1,3-oxathianes resulting from the reaction of pmercaptoalkanols with
acetaldehyde. 2,4-Dimethyl-6-propyl-1,3-oxathiane and 2,6-dimethyl-4-propyl-
1,3-oxathiane formed by the reaction of 2-mercapto-4-heptanol and its positional
isomer 4-mercapto-2-heptanol, respectively, with acetaldehyde, were selected as
examples. Both substances possess three asymmetric centers; the objectives of the
study were (i) to separate for each substance the eight sterecisomers via capillary gas
chromatography, (ii) to assign their configurations, and (iii) to assess their sensory

properties.
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The data sets on the sensory properties of the stereoisomers of the
2-mercapto-4-alkanol homologues and of the two alkyl-substituted 1,3-oxathianes
should assist in extending the knowledge on the impact of the stereochemistry on the
sensory properties of these sulfur-containing volatiles and to get more insight into the
importance of stereochemistry for the olfactophore based on a 1,3-oxygen-sulfur
structural motif.



BACKGROUND

2. BACKGROUND
2.1. Sulfur-Containing Volatiles

Polyfunctional thiols are a subgroup of sulfur-containing volatiles that includes a variety
of chemical classes, such as mercaptoacids, -alcohols, -aldehydes, -ketones, -esters,
-ethers, their corresponding S- and O-acetylated derivatives, aliphatic and aromatic
mercaptans, terpenic mercaptans, acylic mercaptans containing another sulfur
function, and heterocyclic mercaptans (Vermeulen et al., 2005). They have been
identified in various natural sources like essential oils, oleoresins or absolutes
(geranium, rose, helichrysum, pepper, patchouli, cassia, absinth, and hop), fruits
(blackcurrant, passion fruit, melon, tomato, grape, pineapple, and grapefruit),
vegetables (Allium species, cruciform families, radish, and truffle), beverages (coffee,
beer), and foods (prepared meat, potato, bread). Several review articles regarding their
occurrence are available (Boelens & van Gemert, 1993; McGorrin, 2011; Cannon &
Ho, 2018).

Volatile polyfunctional thiols are known to be outstanding contributors to the flavor of
many foods, because of their low odor thresholds and their pronounced odor qualities.
Although they are usually present at low concentrations in foods or beverages, they
often contribute significantly to the overall characteristic flavor (Blank, 2002). Their
sensory properties are often strongly determined by their concentration. In most foods,
sulfur-compounds contribute to a delicate pleasant flavor character when present at
low concentrations (< 1pg/kg), while at higher concentrations, their flavors are
perceived as sharp, irritating, unpleasant, and repulsive (Vermeulen et al., 2005;
McGorrin, 2011).

For example, 3-mercapto-2-methylpentanol exhibits a sulfurous, burnt gummy, and
onion-like odor at 1 ppm in a 5% salt solution. At a concentration of 0.5 ppm in a 5%
salt solution, the perceived odor changes to meat broth, sulfurous, onion, and leek-
like. The corresponding 3-mercapto-2-methylpentanal showed a similar behavior; at 1
ppm the odor was described as sulfurous, pungent, meaty, pungent, oniony, roasty,
and at 5 ppm as meaty broth, cooked meat, roasty, pungent (Widder et al., 2000).
Another example is the so-called “cat ketone” 4-mercapto-4-methyl-2-pentanone,
which is repellent at high concentrations but is also key component in Sauvignon blanc
wine (Darriet et al., 1995).
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Sulfur-containing volatiles can also be responsible for off-flavor notes. Examples are
3-methyl-2-butene-1-thiol (stunky off-flavor in ale) (Goldstein et al, 1993) or

4-mercapto-4-methyl-2-pentanone and 3-mercapto-3-methylbutyl formate (cat ketone

with "catty, ribes" smell) (McGorrin, 2011). Table 1 gives examples of volatile

polyfunctional thiols that have been found in foods.

Table 1: Polyfunctional volatile thiols, their odor qualities, and occurrence.

compound odor quality occurrence literature
wine
boxwood, (Scheurebe,
4-mercapto-4-methyl-2- catty, Sauvignon (Darriet et al., 1995; Buettner
pentanone genista, Blanc), & Schieberle, 2001;
black currant grapefruit, Vermeulen et al., 2006)
basil,
sen-cha tea
1-p-menthene-8-thiol JU'C¥’ it grapefruit (Demole et al., 1982;
grapeiru Buettner & Schieberle, 2001)
2-methyl-4-propyl- tropical, passion fruit (Winter et al., 1976)
1,3-oxathiane green
lime, passion fruit, (Engel & Tressl, 1991;
rhubarb wine
3-mercaptohexanol . ’ . Tominaga et al., 2002; Collin
citrus, (Sauvignon
: . & Vermeulen, 2006)
tropical fruit blanc)
box-tree wine (Tominaga et al., 1996;
3-mercaptohexyl acetate passion fl’ljlit (Riesling) Tominaga et al., 1998a;
black currani pink guavé Steinhaus et al., 2008,
Steinhaus et al., 2009)
black 222223 (Collin & Vermeulen, 2006:
4-mercapto-2-pentanone currant, cocked ré d Kleinhenz et al., 2007; Naef
green, potato et al., 2008)
bell pepper
onion (raw) Shoadar (Collin & Vermeulen, 2006;
4-mercapto-2-pentanol Y, ' Kleinhenz et al., 2007; Naef
currant, cooked red et al,, 2008)
genista bell pepper "
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2.1.1. 3-Mercaptohexanol

3-Mercaptohexanol and the esters of 3-(methylthio)hexanol and 3-mercaptohexanol
have been identified for the first time in yellow passion fruits (Passiflora edulis f.
flavicarpa) (Engel & Tressl, 1991). Their absolute configurations and sensory
properties were determined; for example, (R)-3-mercaptohexyl acetate exhibited a
tropical fruit flavor reminiscent of passion fruit, while the (S)-enantiomer smelled sulfury
and herbal (Heusinger & Mosandl, 1984; Weber et al., 1992). Weber et al. investigated
the natural distribution of the enantiomers in yellow passion fruits and found
predominantly the (S)-enantiomers to be present: 3-mercaptohexanol (51-81%),
3-(methylthio)hexanol (90-98%), 3-mercaptohexyl acetate (96%), 3-mercaptohexyl
butanoate (> 96%) (Weber et al., 1994; Weber et al., 1995). Later, 3-mercaptohexanol,
3-mercaptohexanal, and their derivatives were detected in various tropical fruits, wine,
and hop (Table 2).

A B o C o D

N ~ N

SH OH SH O R S O R /\)Si/l?\
Figure 1: Structures of (A) 3-mercaptohexanol, (B) esters of 3-mercaptohexanol, (C) esters of

3-(methylthio)hexanol (Engel & Tressl, 1991), and (D) 3-mercaptohexanal (Takoi et al., 2009),
R = - CHs, -CsHz, -CsH11.
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Table 2: Examples of the natural occurrence of 3-mercaptohexanol, 3-mercaptohexanal, and their S-,
O-, and S-methyl derivatives.

compound

food

literature

3-mercaptohexanol

3-mercaptohexyl
acetate

3-mercaptohexanal

3-(methylthio)hexanal

3-acetylthiohexanal

hop (Humulus luplus L.) Cultivar
Nelson Sauvin',

star fruit (Averrhoa carambola)?,
grapefruit juice?,

Vitis vinifera (Var. Sauvignon
Blanc and Semillon)#,

pink guava (Psidium guajava L.)5,
Chardonnay & Solaris®,
viethamese coriander (Persicaria
odorata (Lour.) Sojak))’,
Humulus lupulus L.8

grapefruit juice?,

Vitis vinifera (Var. Sauvignon
Blanc and Semillon)?,

pink guava (Psidium guajava L.)3,

Humulus lupulus L.

Chardonnay & Solaris’,
viethamese coriander (Persicaria
odorata (Lour.) Sojak))?,
Ciflorette strawberries (Fragaria x
ananassa ‘Ciflorette’)?,
persimmon (Diospyros kaki L.)
var. Triumph*

Ciflorette strawberries (Fragaria x
ananassa ‘Ciflorette’)

Ciflorette strawberries (Fragaria x
ananassa ‘Ciflorette’)

(Takoi et al., 2009)
2(Mahattanatawee et al., 2005)
3(Lin et al., 2002)

4(Tominaga et al., 1996)
4(Tominaga et al., 2006)
5(Mahattanatawee et al., 2005)
5(Steinhaus et al., 2009)
5(Chenot et al., 2020)
7(Starkenmann et al., 2006)
8(Gros et al., 2012)

(Lin et al., 2002)

2(Tominaga et al., 1996)
2(Tominaga et al., 2006)
3(Mahattanatawee et al., 2005)
3(Steinhaus et al., 2009)
4(Gros et al., 2012)

(Chenot et al., 2020)
2(Starkenmann et al., 2006)

3(Cannon et al., 2015)
4(Wang et al., 2012)

Cannon et al., 2015

Cannon et al., 2015
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2.1.2. 2-Methyl-4-Propyl-1,3-Oxathiane

2-Methyl-4-propyl-1,3-oxathiane has been identified in passion fruits Passiflora edulis
f. flavicarpa (Winter et al., 1976), and more recently also in wine (Chen et al., 2018).
Weber et al. investigated the natural distribution of the enantiomers in yellow passion
fruits and found predominantly the (S)-enantiomers of 2-methyl-4-propyl-1,3-oxathiane
(100%) to be present (Weber et al., 1995). Mosandl & Heusinger described the odors
of the four stereoisomers. The (2S,4R)-sterecisomer stands out in particular. It was
described as "fatty, fruity-green, tropical fruits and grapefruit", while the other three
stereoisomers were described as "sulfurous and green" (Pickenhagen & Broenner-
Schindler, 1984; Mosandl & Heusinger, 1985). The frans-stereocisomers showed
differences in their odor qualities as well; the (2R,4R)-sterecisomer had earthy notes,
while the (2S,4S)-stereoisomer had more of a sweat character (Mosandl & Heusinger,
1985). Also, a lower threshold in water (2 ppb) was determined for the
(2S,4R)-sterecisomer than for the (2R,4S)-sterecisomer (4 ppb) (Pickenhagen &
Broenner-Schindler, 1984).

A B

Figure 2: Structures of (A) 2-methyl-4-propyl-1,3-oxathiane (Winter et al, 1976) and (B)
2,44 6-tetramethyl-1,3-oxathiane (Wang et al., 2021).

Several polyfunctional thiols have been found in Sauvignon blanc wine, including
3-mercaptohexanol, 3-mercaptohexyl acetate, 4-methyl-4-mercapto-2-pentanone, and
4-methyl-4-mercapto-2-pentanol (Darriet et al., 1995; Tominaga et al., 1996; Tominaga
et al., 1998a). Among those compounds, 3-mercaptohexanol was described to react
with acetaldehyde in wine to yield 2-methyl-4-propyl-1,3-oxathiane (Chen et al., 2018).
Inspired by the identification of cis-2-methyl-4-propyl-1,3-oxathiane in wines, Wang et
al. proposed that other polyfunctional thiols with structures similar to
3-mercaptohexanol could undergo the same reaction, resulting in the formation of the
corresponding 1,3-oxathianes. Such candidates are 3-mercaptopentanol, 2-methyl-
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3-mercaptobutanol, 3-mercaptoheptanol, and 4-methyl-4-mercapto-2-pentanol, all
bearing a 1,3-sulfur-oxygen-functionality (Wang et al., 2021).
4-Methyl-4-mercapto-2-pentanol is not as abundant in wines as 3-mercaptohexanol
and 3-mercaptohexyl acetate, but it has been reported in botrytized Semillon,
Gewdurztraminer, Muscat, Pinot Gris, and Riesling (Tominaga et al., 2000). The
corresponding 1,3-oxathiane of 4-methyl-4-mercapto-2-pentanol, cis-2,4,4,6-
tetramethyl-1,3-oxathiane, was identified in 10 out of 567 analyzed wines. The
concentrations ranged from 5 ng/L to 28 ng/L. At lower concentrations, the aroma was
described as citrus, green, sweet/caramel, and mango; at higher concentrations,
mango/tropical, sweet/caramel, onion/sulfur/sweaty, and sulfurous notes were
reported. Only one of the two possible cis-enantiomers was detected, but the
configuration of this enantiomer has not been assigned yet (Wang et al., 2021).

The discovery of 2-methyl-4-propyl-1,3-oxathiane resulted in extensive research on
modifications of the alkyl substituents at positions 2 and 4. Table 3 gives some
examples of synthesized alkylated 1,3-oxathianes, focusing on the elongation of the
alkyl chain in position 2. They exhibit a broad range of flavors. Regarding tropical and
fruity notes, 2-ethyl-4-methyl-1,3-oxathiane stands out in particular; the odor profile has
been described as “floral, fruity, apricot and dried papaya” (Winter & Mottu, 1977;
LeLandais, 2006; Chen et al., 2013).
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Table 3: Structures of synthesized 1,3-oxathianes and their odor profiles

structure compound odor profile

2-ethyl-4-methyl-1,3-oxathiane floral, fruity, apricot, dried papaya’
2-propyl-4-methyl-1,3-oxathiane onion, garlic, sweet'
2-butyl-4-methyl-1,3-oxathiane green, Egiggélfi%woody,

2,2 ,4-trimethyl-1,3-oxathiane green, woody, terpenes'’

herbaceous, aromatic, parsley,
4,4-dimethyl-2-propyl-1,3-oxathiane thujone, lime, sulfurous, bucco
leaf?

sweet, sugary, onion, basil

2,4 4-trimethyl-2-pentyl-1,3-oxathiane leaves?

herbaceous, sage, marigold

2-ethyl-4,4-dimethyl-1,3-oxathiane leaves, cassis, mint, sulfurous,
onion, thyme?

G Bl O Ol O O

2-heptyl-4,4-dimethyl-1,3-oxathiane Cassis, fruity, lemon, green?

w0

0

£

(Chen et al., 2013) 2 (LeLandais, 2006)

10
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2.2. Formation Pathways

Thiols are formed through different pathways from non-volatile precursors, like
reducing sugars, thiamine (vitamin B1), or sulfur-containing amino acids (cysteine and
methionine) (Figure 3). Several biogenetic pathways for the formation of polyfunctional
thiols are discussed in the literature (Starkenmann et al., 2008b; Cannon & Ho, 2018;
Muhl et al., 2022).

A NH,
N)j/\NAS e) 9]
| — s
H3C)\N/ HaC HS/\HJ\OH - V\HJ\OH

OH

Figure 3: Structures of selected non-volatile precursors of thiols: (A) thiamine (vitamin B+), (B) cysteine,
and (C) methionine.

In thermal processes, one pathway to thiols leads through the MAILLARD reactions. In
the first step, dicarbonyls are formed, which catalyze the STRECKER-degradation of
cysteine and methionine. Compounds, which are formed in this process, like hydrogen
sulfide or methyl mercaptan easily react with unsaturated and carbonyl compounds
(Mussinan & Keelan, 1994). For example, in cooked meat, fried or baked foods, thiols
are formed by MAILLARD reactions from the thermal degradation of thiamine. These
reactions are favored by acidic conditions (Vermeulen et al., 2005). A second pathway
is the formation of dimethyl sulfide through enzyme-catalyzed reactions (Mussinan &
Keelan, 1994).

The formation of 3-mercaptohexanol (3MH) in wines has been studied by several
research groups. Tominaga et al first described the conversion of
S-3-(hexanol)-L-cysteine (Cys-3MH) to 3MH by yeast alcoholic fermentation in wine
(Tominaga et al., 1998b).

Later, a second pathway for the biosynthesis of Cys-3MH was discovered. The primary
precursor is S-3-(hexanol)-glutathione (G-3MH), which can generate Cys-3MH through
degradation by the enzymes y-glutamyl transpeptidase and carboxypeptidase. This

pathway was confirmed by the identification of the intermediate

11
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S-3-(hexanol)-L-cysteinyl glycine (Cys-Gly-3MH) in Sauvignon blanc grape juice
(Peyrot des Gachons et al., 2002; Capone et al., 2011).

A third proposed mechanism relates to the enzymatic oxidation of lipids to form
(E)-2-hexenal. (E)-2-Hexenal can react with hydrogen sulfide or L-cysteine in the
presence of enzymes. This mechanism was confirmed by using deuterated standards
in wine. Later, (E)-2-hexenol was identified as another precursor of 3-mercaptohexanol
in wine (Schneider et al., 2006; Harsch et al., 2013).

A B C
0 NH, H 0
O Xy
HZNJ)J\OH HO\[])\/\[]/NJ)LN/\[]/OH Y\/\/ HO X~
S 0 0 H o H
A~ A~ (E)-2-hexenal (E)-2-hexenol
OH OH
Cys-3-MH G-3MH
yeast y-glutamyl transpeptidase/ H,S or L-cysteine
carboxypeptidase
SH
/\)\/\OH
3-MH

Figure 4: Biogenetic pathways for the formation of 3-mercaptohexanol (3MH) from (A) Cys-3MH, (B)
G-3MH, and (C) (E)-2-hexenal or (E)-2-hexenol (Cannon & Ho, 2018).

Clarification of the preferred mechanism in wine requires further investigation. Some
studies concluded that instead of Cys-3MH and (E)-2-hexenal, G-3MH is the major
precursor of 3MH. Other studies discovered a mechanism for 3MHA, involving yeast
and acetyltransferase (Swiegers et al., 2006; Subileau et al., 2008; Roland et al.,
2010a; Roland et al., 2010b). Roland et al. concluded that the formation of 3MH in
wines has two distinct origins, one from naturally occurring precursors in grapes and
the other from wine-making technology. The latter is associated with the pathway via
(E)-2-hexenal (Roland et al., 2010c).
Cys-3MH was also discovered in passion fruits. An extract containing Cys-3MH was
treated with flyase (from Eubacterium limosum). Subsequently, 3MH could be
identified together with 3-mercapto-3-methylbutanol (Tominaga & Dubourdieu, 2000).
Fedrizzi et al. were able to identify, in addition to the two main precursors,
S-glutathionylated- and S-cysteinylated-3MH, the three missing intermediates leading
12
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to the S-cysteinylated precursor. This suggests that the plant can activate both
metabolic pathways (Fedrizzi et al., 2012).

Biogenesis theories have been discussed for other polyfunctional sulfur-containing
aroma compounds found in passion fruits (Tressl & Albrecht, 1986). An enzyme
capable of hydrolyzing thioesters to their respective thiols was found in the mesocarp
of passion fruit, which may also be an explanation for the formation of 3MH, 3MHA,
and the other mercaptohexyl esters in passion fruit (Tapp et al., 2008).

Another class of polyfunctional thiols are mercaptoketones. Their formation can be
explained by the addition of H2S to a,B-unsaturated ketones, which are in turn
introduced by cysteine. Subsequent reductions would lead to unsaturated thiols,
mercaptoalcohols, (methylthio)thiols, and dithiols. Starkenmann & Niclass confirmed
the natural occurrence of cysteine-S-conjugates in bell pepper (Capsicum annuum)
(Starkenmann & Niclass, 2011).

Polyfunctional sulfur-containing volatile compounds were previously described to be
present in cooked bell pepper, including 2-mercapto-4-heptanone and
4-mercapto-2-heptanone and the corresponding mercaptoalkanols
2-mercapto-4-heptanol and 4-mercapto-2-heptanol (Naef et al., 2008; Norenberg et
al., 2017a). The structures of the identified non-volatile cysteine-S-conjugates and the
respective fmercaptoalkanones and fmercaptoalkanols are shown in Figure 5.
Starkenmann & Niclass further showed that incubation of the purified precursors with
a B-lyase (apotryptophanase from Escherichia coli) released the expected thiols
(Starkenmann & Niclass, 2011).

A biogenesis pathway could be excluded for the formation of 3MH and 3MHA in guava.
Treatment of the isolated putative precursors with B-lyase did not lead to the formation
of 3MH. Steinhaus et al. hypothesized that unsaturated carbonyls, such as

(E)-2-hexenal, could be intermediates in the formation of 3MH (Steinhaus et al., 2008).

13
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A B
NH,
oo UL
o) o}
NH,

HOWH\/SW\/ SH OH
(@] OH )\)\/\
NH,
HO\H)\/S
SH O
© © /\)\/U\
NH

2

HO\H)\/S SH OH
0] OH //\\/i\v/L\

Figure 5: (A) Structures of the cysteine-S-conjugates S-(3-oxo-1-methylhexyl)-L-cysteine, S-(3-oxo-1-
propylbutyl)-L-cysteine,  S-(3-hydroxy-1-methylhexyl)-L-cysteine and  S-(3-hydroxy-1-propylbutyl)-
L-cysteine, and of the polyfunctional volatile thiols 2-mercapto-4-heptanone, 4-mercapto-2-heptanone,
2-mercapto-4-heptanol and 4-mercapto-2-heptanol, identified in bell peppers (Capsicum annuum L.
cultivar).

Several volatile polyfunctional organo-sulfur compounds were found in noni fruit
(Morinda citrifolia  L.). Among those were 3-(methylthio)propanoic acid,
methyl 3-(methylthio)propanate, and ethyl 3-(methylthio)propanate. A biosynthetic
pathway from L-methionine was proposed. The first step is a transamination of
L-methionine to a keto-acid. Subsequent decarboxylation of the keto-acid leads to the
formation of a CoA-ester. Finally, through the reaction with water, methanol, or ethanol,
3-(methylthio)propanoic  acid, methyl 3-(methylthio)propanoate, and ethyl

3-(methylthio)propanoate are formed (Wei et al., 2011).
CoASH

HO > ROH
HO\H/K/\S/ m)vs/ CoAS/u\/\S/ ROJ\/\S/
o O

Figure 6: Proposed biosynthetic pathway of 3-(methylthio)propionic acid, methyl 3-(methylthio)-
propionate, and ethyl 3-(methylthio)propionate from L-methionine (Wei et al., 2011)

The stereochemical course of the formation pathways of 3MH and 3MHA was
investigated by Capone et al. (Table 4). Different grapes were examined and it was
revealed that (S)-configured G-3MH (referring to the chiral center bearing the sulfur

14
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atom) is present in the first step of the biosynthesis (Capone et al., 2010; Capone et
al., 2011). This excess is slightly lower in the next step for Cys-3MH and an almost
racemic ratio was observed for the free thiol 3MH. However, after the esterification of
3MH to 3MHA, again an excess of the (S)-enantiomer is observed (Tominaga et al.,
2006; Chen et al., 2018).

Table 4: Enantiomeric ratios of G-3MH, Cys-3MH, 3MH, and 3MHA determined in Sauvignon blanc
Grape Juice (Tominaga et al., 2006; Chen et al., 2018)

enantiomeric

ratio
compound (S) (R)
G-3MH 80% 20%
Cys-3MH 67% 33%
3MH 55% 45%
3MHA 72% 28%

The differences in the enantiomeric compositions observed in the steps described
above could be explained by a stereoselective enzyme-catalyzed esterification of 3MH
to 3MHA. The preferential conversion of the (S)-enantiomer of 3SMHA would result in a
racemic ratio of 3MH (Engel, 2020). Another hypothesis for the almost racemic ratio of
3MH is the conversion of 3MH to other sulfur-containing polyfunctional volatiles, such
as (4S)-configured 2-methyl-4-propyl-1,3-oxathiane which is the predominating
stereoisomer in passion fruits. It is still unknown if the (4S)-stereocisomer of
2-methyl-4-propyl-1,3-oxathiane is also preferentially formed in wine (Singer et al.,
1988; Chen et al., 2018; Engel, 2020). Similarly, the previously described possibility of
the addition of H2S to (E)-2-hexenal may also influence the enantiomeric ratio of
3-mercaptohexanol (Schneider et al., 2006; Roland et al., 2011).

Starkenmann et al. found that naturally occurring, odorless cysteine-S-conjugates such
as S-3-(1-hexanol)-L-cysteine in wine, S-(1-propyl)-L-cysteine in onions, and
S-(2-heptyl)-L-cysteine in peppers are converted to volatile thiols in the mouth by
microflora. After a time delay of 20-30 s, these volatile thiols were perceived, and the
sustained perception of their odor lasted 3 min (Starkenmann et al., 2008a). In terms

of odor perception in wine, this may be an intriguing factor.
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2.3. Structure-Odor Correlations

2.3.1. Olfactophores Based on Oxygen-Sulfur-Relationships

For polyfunctional thiols, the arrangement of oxygen and sulfur in the molecules is of
particular importance for their sensory properties (Rowe, 2002). For example, a 1,2-
oxygen-sulfur functionality, the so-called “savory olfactophore”, is found in meaty and
savory compounds (Rowe, 2002). Another important structural feature is the "tropical
olfactophore" which is based on a 1,3-oxygen-sulfur functionality (Rowe, 2002). Aroma
compounds with this structural feature can exhibit tropical, fruity, and vegetable-like
odor notes. The specific structural requirements “around” the basic structural skeleton
are outlined in Figure 7. This model has later been extended to include also acetylated

compounds (Robert et al., 2009).

|
R1AR?<|L\R5

R3H

Figure 7: "Tropical olfactophor". A: H, SCHs, ring; B: H, CHs, acyl if carbonyl not present; R1, R2: H, acyl;
Rs: H, acyl, ring; Ra: H, CHs, ring, OR; Rs: H if carbonyl not present (Rowe, 2002)

Tertiary thiols are often characterized by a “catty” smell, and their odor thresholds are
lower by a factor of 300-3000 than the odor thresholds of primary and secondary thiols.
Proton acceptors, such as carbonyl groups, influence the odor towards an intensified
sweetness. Mercaptoaldehydes and thioesters are associated with a cheesy odor.
Primary mercaptoalkanols (minimum 6 carbon atoms) exhibit delicate fragrances,
which are described as greenish, carrot, or rhubarb. Smaller mercaptoalcohols with
branching tend to have onion, pungent and plastic-like odors (Boelens & van Gemert,
1993; Vermeulen & Collin, 2002; Vermeulen et al., 2005; Polster & Schieberle, 2017).
Table 5 shows examples of compounds with the "tropical olfactophor" structural motif,

with the respective key arrangement shown in bold.
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Table 5: Examples of compounds with the "tropical olfactophor" structural motif.

compound structure flavor description

3-mercaptohexanol SH OH green, unpleasant’, rhubarb, lime?,
sausage, meaty, tropical, alliaceous,

green peel, guava®

3-mercaptohexyl SH O Ac tropical fruit, blackcurrant, box-tree,
acetate alliaceous, cooked, sweet, durian®
3-mercaptoheptanol SH OH green, ink, rhubarb, grassy, vegetal,

bitter grapefruit, guava, passion fruit,

berry notes3, citrus fruit, vinaigrette,

carrot?
3-mercaptoheptyl SH o Ac green, 1-phenylethanol, cabbage,
acetate \/\)\/l grapefruit, pear, peach?
4-mercapto-2-heptanol SH OH fruity, tropical, guava, vegetable,
) watercress*
(isomer | and I1)
2-mercapto-4- SH IC) arugula, earthy, sesame, grapefruit*
heptanone )\/'\/\
3-mercapto-4- SH OH green, ink, rhubarb, 1-phenyl ethanol,
methylhexanol red fruit, sulfurous, rubbery, grapefruit,
alliaceous?®
3-mercapto-4- SH O’AC sage, sulfurous, garlic, buchu, catty?

methylhexyl acetate

1(Ferreira et al., 2002), 2(Vermeulen et al., 2003), 3(Escher et al., 2006), 4(Naef et al., 2008)

The importance of the 1,3-oxygen-sulfur functionality becomes obvious when
comparing 2-mercaptopentanol, 3-mercaptohexanol, 4-mercaptoheptanol, and
5-mercaptooctanol, with 1,2-, 1,3-, 1,4- and 1,5-oxygen-sulfur functionality,
respectively (Table 6). All four mercaptoalkanols exhibit tropical fruity notes, like
grapefruit or passion fruit. However, only 3-mercaptohexanol with a 1,3-oxygen-sulfur
functionality shows a low odor threshold (0.053 ng/L air). An elongation of the alkyl
chain between the functional groups leads to higher thresholds, as seen for 4-
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mercaptoheptanol (31 ng/L in air) and 5-mercaptooctanol (58 ng/L in air). Also, a
reduction of the length of the alkyl chain between the functional groups results in higher
thresholds (Schellenberg, 2002; Polster & Schieberle, 2015).

Table 6: Structures, odor qualities, and odor thresholds of 2-mercaptopentanol, 3-mercaptohexanol, 4-
mercaptoheptanol, and 5-mercaptooctanol.

structure compound odor threshold
(ng/L in air)
SH 2-mercaptopentanol grapefruit, burnt 0.231

Ho A~

SH 3-mercaptohexanol grapefruit 0.053"

Ho/\)\/\

SH 4-mercaptoheptanol green, tropical, passion 312

HO\/\)\/\ fruit

SH 5-mercaptooctanol green, tropical, passion 582

Ho/\/\)\/\ fruit

(Polster & Schieberle, 2015), 2(Schellenberg, 2002)

These structure-odor correlations have also been confirmed by more recent studies
involving computer-assisted modulations. Odor thresholds and odor qualities of
homologous series of alkane-1-thiols, alkane-2-thiols, alkane-3-thiols, 2-methylalkane-
1-thiols, 2-methylalkane-3-thiols, 2-methylalkane-2-thiols and alkane-1,w-dithiols were
compared with those of the corresponding alcohols and methylthioalkanes to
investigate the influence of the thiol group (Polster & Schieberle, 2015). 3D-QSAR
models were created using CoMFA to correlate the thresholds of the analyzed thiols
with their molecular structures. The calculations showed that most of the differences
in odor thresholds can be explained by steric effects. Electrostatic fields had only a
minor effect on the odor thresholds. The odor thresholds simulated by the theoretical
model agreed well with the experimentally determined data, but more data are needed

to validate the model (Polster & Schieberle, 2015). Similar structure-odor relationships
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studies were employing 3D QASR calculations for homologous series of 1-mercapto-
3-alkanols, 3-mercaptoalkanols, 2-mercaptoalkanols, 4-mercapto-2-alkanols, 3-
mercapto-3-methylalkanols, 1-mercapto-2-methyl-3-alkanols, 3-mercapto-2-
methylalkanols, and 2-ethyl-3-mercaptoalkanols (Polster & Schieberle, 2017).

The results of both investigations are in line with the olfactophor models proposed by
Rowe and suggest that there are only a few possibilities, for yet unknown odor-
intensive thiols contributing to food aroma. Table 7 lists newly synthesized thiols with
low thresholds that have not yet been found in food (Rowe, 2002; Schoenauer et al.,
2015; Polster & Schieberle, 2017).

Table 7: Examples of polyfunctional volatile thiols that have not been identified in foods; their structures,
odor descriptions, and odor thresholds (Polster & Schieberle, 2015; Polster & Schieberle, 2017).

odor threshold

compound structure flavor description L
(ng/L in air)
X
3-mercapto-3- H 0 black currant 0.0014
methylhexyl acetate
O
3-mercapto-3-
P SH o)K black currant 0.0026
methylheptyl acetate
1-methoxy-3- _
methylpentane-3 \>|Si)o black currant 0.0025
thiol
1-methoxy-3- SH 07
black currant 0.0028
methylhexane-3-thiol /\>‘\)
-
1-methoxy-3-methyl- SH O

black currant 0.0033
heptane-3-thiol \/\>I\)
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2.3.2. Impact of Chirality

Sensory differences between enantiomers have been first reported for the
monoterpene alcohols citronellol (Rienacker & Ohloff, 1961) and linalool (Klein &
Ohloff, 1962) and for the monoterpene ketone carvone (Leitereg et al., 1971a; Leitereg
et al., 1971b; Friedman & Miller, 1971; Russell & Hills, 1971). In the meantime, the
impact of chirality on odor propert