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Combinatorial Synthesis and Sensorial Properties of Polyfunctional

Thiols
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Over the past few years, polyfunctional thiols present as trace components have been found to play
a major role in many food flavors, due to their exceptionally low odor thresholds. Unfortunately,
their presence in minute concentration (in ng/kg to a few xg/kg) and their high reactivity make it
very difficult to extract and identify them. Furthermore, most of them are not yet commercially
available. The aim of this work was to characterize the chromatographic and sensorial properties
of 10 synthetic mercaptoketones and mercaptoalcohols. Combinatorial chemistry proved to be a
very useful way to synthesize them rapidly. Sulfur-selective sulfur chemiluminescence detection
chromatograms coupled with mass spectroscopy enabled the target compounds to be identified. Flavor
profiles and best estimate gas chromatography lowest amount detected by sniffing (BE-GC-LOADS)
values were further determined by GC—olfactometry. As expected, new, exceptionally odorant

molecules (BE-GC-LOADS < 0.1 ng) were revealed by this unusual approach.
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INTRODUCTION

Due to their extremely low threshold values, poly-
functional thiols, like other sulfur-containing molecules,
contribute significantly to the sensory properties of food
flavors. So far >40 of them have been identified as
relevant aroma components in various foods such as beef
(1), pork (2), chicken (1), tuna fish (3), cheese (4), olive
oil (5), syrup (6), durian (7), passion fruit (8), grapefruit
(9), grape (10), black currant (11), asparagus (12), onion
(11), scallion (13), sesame (14), popcorn (15), bread (16),
yeast extract (17), buchu (18), hops (19), wine (20), beer
(19), coffee (21), and tea (22). Mercaptoketones and
mercaptoalcohols are probably among the most relevant,
due to their threshold values.

For lack of commercially available substances, there
is very little information about the flavor properties of
analogues with different alkyl chain lengths. Often, in
food aromatic extract analysis, no chromatographic peak
is evident by mass spectrometric detection in fractions
displaying the most interesting smells, so it is difficult
to identify the responsible compounds in a real matrix
on the sole basis of retention indices and odor. The aim
of the present work was to establish a strategy for
quickly obtaining retention indices and flavor properties
for a greater number of polyfunctional thiols. Recently,
combinatorial chemistry was used successfully by Khan
et al. (23) to obtain a series of thioester analogues. This
original approach permitted us to intensify the process
of flavor synthesis and analysis by handling “arrays” of
homologous compounds rather than individual fla-
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vorants; we obtained mercaptoketones by simple addi-
tion of hydrogen sulfide to five a,5-unsaturated ketones
mixed in the same vessel. Further reduction of the
mixture led to the corresponding mercaptoalcohols.

MATERIALS AND METHODS

Chemicals. The starting materials for the syntheses were
of the highest purity commercially available and were not
further purified before use. The solvents were anhydrous and
stored over molecular sieves.

The following compounds were provided by Aldrich Chemi-
cals (Bornem, Belgium): 65% 3-penten-2-one, 95% 4-hexen-
3-one, 98% 4-methyl 3-penten-2-one, 75% 5-methyl 3-hexen-
2-one, and 99% piperidine. Ninety-five percent 3-methyl
3-penten-2-one was supplied by Fluka (Bornem, Belgium).
Hydrogen sulfide was obtained from Praxair (Antwerp, Bel-
gium).

Tetrahydrofuran (THF; 99.9%), 98% pentane, 99.5% diethyl
ether, 0.2-mm-thick silica plates, and 5,5-dithiobis(2-nitroben-
zoic acid) were purchased from Aldrich Chemicals. Dichlo-
romethane (99.9%) was from Romil (Cambridge, U.K.). Ethanol
(99.8%), 2,4-dinitrophenylhydrazine, and sodium borohydride
(NaBHy,) were supplied by Merck (Overijse, Belgium).

Synthesis. Mercaptoketones. Seventy-five milliliters of THF,
12 drops of piperidine, and the five a,f-unsaturated ketones
(final individual concentrations = 25 mM) were mixed in a
100-mL three-neck flask. The flask was then immersed in an
acetone/liquid N, bath at ~ —15 °C and the mixture stirred
magnetically. Hydrogen sulfide was then continuously and
gently bubbled into the liquid phase for 6 h. After this period,
thiols were detected by thin-layer chromatography (TLC). The
solution was stored at —80 °C.

Mercapto secondary alcohols. Thirty milliliters of the above-
mentioned mercaptoketone solution and 30 mL of water were
placed in a 200-mL flask fitted with a reflux condenser, and 1
N NaOH was added to attain pH 8. A slight excess of NaBH,4
(1.5 equiv) was then added under magnetic stirring. After 4
h, 90 mL of water was added and the reaction mixture adjusted
to pH 3 with 6 N HCI. Thiols were then extracted with
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Table 1. GC-MS and Sensorial Properties of Mercaptoketones Synthesized

Vermeulen et al.

Name Structure MS fragments Kovats index Odor at the sniffing port Odor described in the
[relative percentages] (CP-Sils CB) literature
43 [100]; 83[29]; 41 [26];
4-Mercaptopentan-2-one SH O 884 Greenery, potato, black currant -
PN 1187 [26]; 61 [19)]
43 [100]; 132 [26]; 75 [211; Black currant, catty, broom, Broom, box tree, catty,
4-Mercapto 4-methylpentan-2-one $H Q9 915
55[191, 99 [12] vinaigrette, citrus fruit black currant (3/)
SH o 43 [100]; 99 [69]; 55 [50]; 959% Sweat
4-Mercapto 3-methylpentan-2-one -
61 [19]; 132° [6] 967° Cooked milk
57 [100}; 61 [48]. 75 [44]).
5-Mercaptohexan-3-one SH © 984 Box tree, fresh, empyreumatic -
Py 132° [30]; 99 [28]
SH © 43 [100];, 112 [22]; 113 [19};
5-Methyl 4-mercaptohexan-2-one 55 [17]; 146° [6] 1069 Exotic fruit, sweet, sulfury Sulfury, cabbage (7)

a Molecular ion (M**). b The two values correspond to diastereoisomers.

Table 2. GC-MS and Sensorial Properties of Mercapto Secondary Alcohols

Name Structure MS fragments Kovats index Odor at the sniffing port Odor described in the
[relative percentages] (CP-Sil5 CB) literature
45 [1001; 86 [68]; 71 [63];
SH  OH 914% Broom, black currant, catty
4-Mercaptopentan-2-ol 61{53]. 69 [37] -
926* Raw onion
(120% [11] present)
57 [100]; 85 [97]. 45 [68],
SH OH
4-Mercapto 4-methylpentan-2-ol 100 [58], 41 [42] 952 Broom, black currant, solvent, Lemon (3 1 )
(1347 [16] present) fresh, sweet
61{1007; 59 [96]. 71 {46},
SHOH 1012* Sweat, meat broth, citrus fruit
5-Mercaptohexan-3-ol /J\)\/ 100 [43]; 116 [32] -
1023? Sweat, cooked milk
(134 [11] present)
56 [100]); 45 [96]; 55[71],
SH OH
4-Mercapto 3-methylpentan-2-ol 61 [67], 100 [58] 1037 Onion, leek, sweat, soup -
(134* [13] present)
71 [1007; 45 [90]; 55 [76],
SH OH 1097 Rhubarb, lemon
5-Methyl 4-mercaptohexan-2-ol 61 [67], 114 [45] -
1107* Spicy, peppery, meaty

(148" [14] present)

a Molecular ion (M**). b The two values correspond to diastereoisomers.

dichloromethane (4 x 40 mL). After evaporation of solvent
under vacuum, 30 mL of a liquid with a very strong odor was
obtained and stored at —80 °C.

Analytical Methods. Thin-Layer Chromatography (TLC).
Pentane/diethyl ether (60:40) was used as chromatographic
eluent with 0.2-mm silica plates. The colorless non-UV-
absorbing thiols were revealed with two different reagents: 5,5-
dithiobis(2-nitrobenzoic acid) for thiols (24) and 2,4-dinitro-
phenylhydrazine for mercaptoketones (25).

Gas Chromatography Coupled with Sulfur Chemilumines-
cence Detection (GC-SCD). GC was performed using a
Chrompack CP9001 chromatograph equipped with a splitless
injector maintained at 250 °C and opened after 0.5 min.
Analysis of sulfur compounds was performed using a 50 m x
0.32 mm i.d., wall-coated open tubular (WCOT) apolar CP-

SIL 5 CB capillary column (film thickness = 1.2 um) connected
to a sulfur chemiluminescence detector (Sievers, model 355
SCD) and a Shimadzu CR3A integrator. An initial oven
temperature of 40 °C was maintained for 4 min and then
programmed to rise from 40 to 132 °C at 2 °C/min followed by
132—-250 °C at 10 °C/min. The final temperature was then held
for 45 min. Helium carrier gas was used at a flow of 32.0 cm/s
(flow rate = 1.0 mL/min). Air and hydrogen flows were
maintained at 40 and 100 mL/min, respectively, in the 800 °C
combustion chamber. The air flow rate in the ozone generator
was 6 psi, and a vacuum of 150—275 Torr was applied to the
entire system.

Gas Chromatography Coupled with Electronic Impact Mass
Spectrometry (GC-MS). Mass spectra were recorded at 70 eV
on an HP 5988 quadrupole mass spectrometer connected to a
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a: 4-mercaptopentan-2-one,

b: 4-mercapto 4-methylpentan-2-one,
¢: 4-mercapto 3-methylpentan-2-one,
d: 5-mercaptohexan-3-one,

e: 5-methyl 4-mercaptohexan-2-one.

Figure 1. MS, FID, and SCD GC chromatograms of the
mercaptoketone combinatorial synthesis medium.

Hewlett-Packard model 5890 gas chromatograph equipped
with a splitless injector and the previously described column.
Oven temperature, initially kept at 40 °C for 4 min, was pro-
grammed to rise from 40 to 132 °C at 2 °C/min and, thereafter,
from 132 to 250 °C at 10 °C/min, remaining at the maximum
temperature for 15 min. Spectral recording was automatic
throughout elution using HP 59970C software. The compounds
were identified on the basis of their fragmentation patterns.

Gas Chromatography Coupled with dual Flame lonization
Detection and Olfactometry (GC-FID-O). This was performed
using a Chrompack CP9001 gas chromatograph, which was
equipped with a splitless injector maintained at 250 °C and
opened after 0.5 min. Sulfur compounds were analyzed using
a50 m x 0.32 mm i.d., WCOT apolar CP-Sil 5 CB capillary
column (film thickness = 1.2 um). An initial oven temperature
of 40 °C was maintained for 4 min and then programmed to
rise from 40 to 132 °C at 2 °C/min followed by 132—250 °C at
10 °C/min. The final temperature was held for 15 min. A
T-junction was used at the end of the capillary column. Fifty
percent of the eluent was sent to an FID detector maintained
at 250 °C and connected to a Shimidazu C-R3A integrator,
while the other part was directed to a GC-odor port at 250 °C.
In the latter case, the eluent was diluted with a large volume
of air (20 mL/min) previously humidified in an agueous copper-
(I1) sulfate solution to improve the transport of the effluent
out of the funnel (26, 27). For each solution, 2 uL was injected
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a: 4-mercaptopentan-2-ol,

b: 4-mercapto 4-methylpentan-2-ol,

¢ 5-mercaptohexan-3-ol,

d: 4-mercapto 3-methylpentan-2-ol,

e: S-methyl 4-mercaptohexan-2-ol.

Figure 2. MS, FID, and SCD GC chromatograms of the
mercaptoalcohol combinatorial synthesis medium.

to determine the polyfunctional thiol flavor quality. As de-
scribed by Berger et al. (28), the best estimated GC lower
amount detected by sniffing (BE-GC-LOADS) is defined as the
geometric mean between the lowest mass of compound per-
ceived at the outlet of the GC-odor port and the highest
undetected amount injected onto the column. Experiments
were performed using dilutions of a compound as follows: 1/50,
1/100, 1/200, 1/500, 1/1000, 1/2000, 1/5000, and so on up to
the 1/50000 dilution. Sensory analysis was performed by two
judges working independently, and a verbal description of the
odor was obtained at the same time.

RESULTS AND DISCUSSION

Five mercaptoketones (Table 1) and five mercaptoal-
cohols (Table 2) were synthesized by combinatorial
chemistry from the corresponding commercially avail-
able a,p-unsaturated ketones. Due to its weak nucleo-
philic properties, hydrogen sulfide added quickly onto
the g position to produce mercaptoketones, whereas
subsequent reduction by NaBH, led to the correspond-
ing alcohols.

The presence of a sulfur atom in the molecules was
easily checked by GC-SCD (Figures 1 and 2). Because
the response is proportional only to the number of sulfur
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Table 3. BE-GC-LOADS of Polyfunctional Thiols

Vermeulen et al.

BE-GC-LOADS (ng
name at the sniffing port)

published threshold (ppt)

4-mercaptopentan-2-ol 0.002 and 0.022

4-mercaptopentan-2-one 0.03
4-mercapto 3-methyl-pentan-2-ol 0.0001
4-mercapto 3-methyl-pentan-2-one  0.02 and 0.42
4-mercapto 4-methylpentan-2-ol 0.009

4-mercapto 4-methylpentan-2-one 0.004
5-mercaptohexan-3-ol 0.02 and 0.062
5-mercaptohexan-3-one 0.02

5-methyl 4-mercaptohexan-2-ol 0.002 and 0.0022
5-methyl 4-mercaptohexan-2-one 0.03

a8 The two values correspond to diastereoisomers.

atoms, it was possible to quantify each compound in the
complex synthetic medium without a specific calibration
curve.

All of the suspected structures were confirmed by
mass spectrometry. In all cases, the molecular ion was
detected. Most of the other fragment ions were explain-
able by the loss of hydrogen sulfide.

As depicted in Tables 1 and 2, two peaks were found,
as expected, for compounds with two or more chiral
carbon atoms, the two diastereoisomers usually being
separated by ~10 retention index units. Further inves-
tigations should be undertaken to identify the structures
more precisely, but our results already show that
distinct odors characterize such isomers. Similar odor
descriptors were found for many mercaptoketones and
mercaptoalcohols, for example, black currant, sweat,
and cooked milk. 5-Methyl 4-mercaptohexan-2-one (ex-
otic fruit) and one diastereoisomer of 5-methyl 4-mer-
captohexan-2-ol (rhubarb, lemon) were the most pleas-
ant odors perceived at the sniffing port.

As initially suggested by Berger et al. (28) for thioesters
and by Gijs et al. (29) for sulfur compounds, we serially
diluted our original extract to determine matrix-
composition-independent sensorial threshold values.
The so-called BE-GC-LOADS value is defined as the
lowest amount (in nanograms) of compound arriving at
the detector that can be perceived by the panelist. In
our case, due to the presence of one sulfur atom in each
molecule, quantification of the complex original extract
was easily achieved by SCD (signal only proportional
the number of S atoms). Odor threshold values were
further expressed in nanograms, taking into account
that only 1 uL arrives at the sniffing port. Among our
14 compounds, 4-mercapto 4-methylpentan-2-one showed
the lowest BE-GC-LOADS value: 0.004 ng (Table 3).
This black currant—catty—broom flavor has been previ-
ously described by Darriet et al. (30) as a determinant
in Sauvignon wines, with a threshold between 0.06 and
3 ppt, according to the medium composition. From our
results, 4-mercapto 3-methylpentan-2-ol emerges as
another exceptionally odorant compound with a BE-GC-
LOADS of 0.012 ng (Table 3), well below the value of
1.4 ng obtained for dimethyl trisulfide, the sulfur
molecule showing the lowest value reported by Gijs et
al. (29).

Combinatorial chemistry coupled to GC-SCD, GC-MS,
and GC-O is a very rapid way to screen for new odorant
thiols, as long as not too many reagents are mixed in
the “one-pot” system, thus avoiding excessive crossed
reactions or wrong identifications. As expected, some
polyfunctional thiols are exceptionally odorant, com-
pared to other well-known sulfur flavors. More tradi-
tional organic syntheses should now be undertaken for

20 in water (31); 55 in a 12% ethanolic solution (32)
0.066—0.165 in water (30); 0.8 in a 12% ethanolic solution (33); 3 in wine (34)

some of them. A similar approach could be used for other
polyfunctional thiols, for example, mercaptoaldehydes,
provided all of the selected reagents used in the mixture
(a,B-unsaturated aldehydes in this case) show similar
reactivities.
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