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Abstract

Application of the aroma extract dilution analysis (AEDA) on the volatile fraction carefully
isolated from an American Bourbon whisky revealed 45 odor-active areas in the flavor
dilution (FD) factor range of 32-4096 among which (E)-B-damascenone and d-nonalactone
showed the highest FD factors of 4096 and 2048, respectively. With FD factors of 1024,
(35,4S)-cis-whiskylactone, y-decalactone, 4-allyl-2-methoxyphenol (eugenol), and 4-hydroxy-
3-methoxy-benzaldehyde (vanillin) additionally contributed to the overall vanilla-like, fruity,
and smoky aroma note of the spirit. Application of GC-Olfactometry on the headspace above
the whisky revealed 23 aroma-active odorants among which 3-methylbutanal, ethanol, and 2-
methylbutanal were identified as additional important aroma compounds. Compared to
published data on volatile constituents in whisky, besides ranking the whisky odorants on
the basis of their odor potency, 13 aroma compounds were newly identified in this study:
ethyl (S)-2-methylbutanoate, (E)-2-heptenal, (E,E)-2,4-nonadienal, (E)-2-decenal, (E,E)-2,4-
decadienal, 2-isopropyl-3-methoxypyrazine, ethyl phenylacetate, 4-methyl acetophenone, a-
damascone, 2-phenylethyl propanoate, 3-hydroxy-4,5-dimethyl-2(5H)-furanone, trans-ethyl
cinnamate, and (Z)-6-dodeceno-y-lactone.

Introduction

Jump to a section -

For whisky production, briefly, malt and/or ground cereals are mixed with water to yield a
mash that is subsequently fermented with yeast. The resulting beer is then distilled to yield an
alcoholic distillate, which is finally stored in barrels (1). It is generally accepted that barrel
aging is among the key processing steps in the generation of the unique aroma of whisky.

Typical for American Bourbon whisky is (i) the high content of corn among the cereals used
(>51%), (ii) the high alcohol content of the distillate (max. 80% by volume), and (iii) the storage
of the distillate in new, heat-charred oak casks. While in the manufacturing of Scottish whisky,
the filtered mash (wort) is processed, and the complete mash is fermented in the production
of American whiskies. The mash is either fermented with yeast alone (sweet mash) or with a
mixture of lactic acid bacteria, and yeast (sour mash) (2). A product stored for at least two
years is called straight Bourbon whisky, but Bourbon whisky may not only originate from the
Bourbon district in Kentucky but also originate from other areas, if it is manufactured
according to the requirements given above (2).

For more than 40 years, investigations on the volatile components of whisky have been
performed, and today, more than 300 compounds have been identified in several types of
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whisky (3-5). Already in 1963, Nykaenen and Suomalainen (6) identified several major
components of the volatile fraction of American Bourbon as well as Scottish whisky, such as 2-
methylpropanol, 3-methylpropanol, 2-phenylethanol, and acetaldehyde as well as acids and
esters.

Steinke and Paulson (7) characterized various phenols in thermally processed grains, and they
could show that 4-vinylphenol and 4-vinyl-2-methoxyphenol are formed during distillation by a
decarboxylation of the precursors p-coumaric acid or ferulic acid, respectively, present in the
cereals. The norisoprenoids a- and B-ionone were first detected in Bourbon whisky by LaRoe
et al. (8), and a- and B-carotine were suggested as their precursors from corn. Another
norisoprenoide, (E)-8-damascenone, was later identified in Bourbon whisky by Masuda and
Nishimura (9), while Suomalainen and Nykaenen (10) identified the whisky lactone with a
coconut-like smell for the first time.

In order to evaluate the contribution of individual volatile components to the aroma of whisky,
Salo and co-workers (11, 12) were the first to calculate odor units for individual components on
the basis of the ratio of their concentration in whisky and their odor thresholds in an
ethanol/water mixture. The authors proposed in particular methylpropanal, butanal, 3-
methylbutanal, pentanal, 2,3-butandione, and esters, such as ethyl acetate, ethyl hexanoate,
and ethyl octanoate, as important aroma components. In addition, results obtained by
preparing a model aroma mixture (12, 13) have led to the assumption that carbonyl compounds
and esters are the most important odorants in whisky. Spiking of whisky with the respective
reference compounds also revealed the importance of phenol, methylphenols, and 2-
methoxyphenol as aroma-active constituents (14, 15).

On the basis of approaches using molecular sensory science, it has been shown for a
considerable number of foods that the entire set of volatiles present in a food is not able to
interact with human olfactory receptors (16). Instead, only a smaller number of the so-called
key odorants is obviously detected by the human odorant receptors and is able to initiate a
cascade of biochemical reactions finally leading to aroma perception in the brain.

An approach to separate odor-active volatiles from the bulk of odorless food volatiles is GC-
Olfactometry (GC-0) or, more comprehensively, dilution to odor threshold techniques, such as
aroma extract dilution analysis (16). However, only a very few studies using such techniques to
unravel the key aroma compounds of whisky have been reported to date.

Only Connor et al. (17) applied GC-O on an extract obtained by SPME from Scotch whisky and
particularly confirmed the importance of cis-whisky lactone and vanillin in the overall aroma of
this type of whisky.

In order to systematically improve and/or modify the aroma of whisky by changing the recipe

or the manufacturing technology, there is a need to reveal the influence of each technological
step on aroma compound formation during whisky processing. But, although numerous
investigations have been undertaken to follow changes in selected volatiles caused by
processing, in particular, a comprehensive approach aimed at identifying the entire set of odor-
active compounds in Bourbon whisky is still lacking. Because the knowledge on the key
odorants in the final product is the prerequisite for studies on the influence of processing
steps, the aim of the present study was to locate the potent odorants in an aroma extract

from a commercial American Bourbon whisky by application of the aroma extract dilution
analysis and to identify the most odor-active compounds by means of reference odorants.

Materials and methods Jump to a section w

Whisky

The whisky under investigation was a Kentucky Straight Bourbon whisky which, according to
the label, had been produced according to the sour mesh method and had been stored in new,
heat-charred oak casks for at least three years. Several batches of the same product (same
year of production) were purchased at a local supermarket. Mentioning of a brand name does
not imply any research contact with the whisky manufacturer nor is it done for advertising
purposes.
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Chemicals

Reference compounds of the odorants identified were obtained from the commercial sources
given in parentheses: 4-allyl-2-methoxyphenol, a-damascone, (E,E)-2,4-decadienal, y-
decalactone, 1,1-diethoxyethane, y-dodecalactone, ethyl acetate, ethyl hexanoate, 4-ethyl-2-
methoxyphenol, ethyl (S)-2-methylbutanoate, ethyl 3-methylbutanoate, ethyl octanoate, 4-
ethylphenol, ethyl 2-phenylacetate, 3-hydroxy-4,5-dimethyl-2(5H)-furanone, 2-isopropyl-3-
methoxypyrazine, 4-methyl acetophenone, 2-methylbutanal, 3-methylbutanal, 3-
methylbutanol, 3-methylbutyl acetate, 2-methylpropanal, (E,E)-2,4-nonadienal, (E,Z)-2,6-
nonadienal, y-nonalactone, &-nonalactone, (E)-2-nonenal, phenylacetaldehyde, 2-phenylacetic
acid, 2-phenylethyl acetate, 2-phenylethyl propanoate, cis/trans-whiskylactone, (E)-2-decenal,
dimethyl sulfide, trans-ethyl cinnamate, ethyl butanoate, ethyl 2-methylpropanoate, ethyl
pentanoate, ethyl propanoate, (E)-2-heptenal, 2-methylpropanol, nonanal, and 2-
phenylethanol (Sigma-Aldrich Chemie, Taufkirchen, Germany); acetaldehyde, ethanol, 4-
hydroxy-3-methoxybenzaldehyde, and 2-methoxyphenol (Merck, Darmstadt, Germany); B-
ionone (Roth, Karlsruhe, Germany); (E)-B-damascenone was a gift from Symrise, Holzminden,
Germany.

The following odorants were synthesized as reported in the literature given in parentheses:
(Z)-6-dodeceno-y-lactone (18) and (Z)-2-nonenal (19).

Diethyl ether and n-pentane (Merck, Darmstadt, Germany) were freshly distilled before use.
Silica 60 (Merck, Darmstadt, Germany) was purified according to a procedure described in ref
20.

Isolation of Volatiles

The volatiles present in whisky (25 mL) were isolated by extraction of a 1:1 dilution with tap
water (saturated with NaCl) using diethyl ether (3 x 100 mL). The combined extracts were
dried over anhydrous sodium sulfate and concentrated to 100 mL at 37 °C using a Vigreux
column (50 cm x 1 cm i.d.). The nonvolatile compounds were removed by high vacuum
distillation using the SAFE apparatus (21), and the distillate was concentrated to 100 pL by
means of a Vigreux column (60 cm x 1 cm i.d.) followed by microdistillation (16).The distillate
was separated into a fraction containing the neutral/basic volatiles (NBF) and the acidic
volatiles (AF) by treatment with an aqueous sodium bicarbonate solution (22).

Fractionation of the Volatiles by Column Chromatography

The NBF fraction obtained from whisky (200 mL) was concentrated to 1 mL and was applied
onto a water-cooled glass column (30 cm x 1 cm) filled with silica 60 (30 g) in n-pentane. To
yield five fractions containing compounds of increasing polarity, the distillate was separated
using five n-pentane/diethyl ether mixtures (100 mL each; fraction A, 100:0; fraction B, 95:5;
fraction C, 90:10; fraction D, 80:20; fraction E, 50:50 by vol.). Each fraction was dried over
anhydrous sodium sulfate and concentrated to 1 mL as described above.

High Resolution Gas Chromatography—Olfactometry (HRGC-0) and Mass Spectrometry (MS)
HRGC was performed by means of a gas chromatograph type 8160 (Fisons Instruments, Mainz,
Germany) with helium as the carrier gas at a pressure of 70 kPa. Samples were applied by the
cold-on-column-injection technique onto either capillary DB-5 (CP-Sil 8CB) (Chrompack,
Frankfurt, Germany), DB-FFAP, or DB-1701 (J &W Scientific; supplied by Agilent Technologies)
(Waldbronn, Germany). The dimensions for all three columns were 30 m length, 0.32 mmi.d.,
and 0.25 pm film thickness. For GC-Olfactometry, the end of the capillary was connected to a
deactivated Y-shaped glass splitter dividing the effluent of the column into two equal parts,
which was then transferred via two deactivated but uncoated fused silica capillaries (50 cm x
0.25 mm) to a sniffing port and an FID, respectively. The sniffing port, which was mounted on a
detector base of the GC, was held at 180 °C, and the FID was operated at 240 °C. On-column
injection of the samples (0.5 pL) was performed at an oven temperature of 35 °C. After 2 min,
the temperature was raised by 40 °C per min to 50 °C, held for 2 min, and raised by 6 °C per
min to 180 °C. Then, the temperature was raised by 20 °C per min to 240 °C and finally held for
10 min. During a GC run, a panelist placed his/her nose close to and above the top of the
sniffing port and evaluated the odor of the chromatographic effluent. All compounds detected
during the evaluation of the extract by four trained panelists were considered relevant, and no
anosmic panelist was used.

Linear retention indices (RI) of the compounds were calculated from the retention times of n-
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alkanes (C-8 to C-22) (22). Mass spectra were recorded using a gas chromatograph 5890 series Il
(Hewlett-Packard, Waldbronn, Germany) connected to a sector field mass spectrometer type
MAT 95 S (Finnigan, Bremen, Germany). Mass spectra in the electron ionization mode (MS-El)
were recorded at 70 eV ionization energy and mass spectra in the chemical ionization mode
(MS-CI) at 115 eV using isobutane as the reactant gas.

Aroma Extract Dilution Analysis (AEDA)

For AEDA, fractions containing the neutral/basic (NBF) and acidic volatiles (AF) were stepwise
diluted using diethyl ether as the solvent to obtain dilutions of 1:1, 1:2, 1:4, 1:8, 1:16... 1:4096
of the original extracts (16). Sniffing of both series of dilutions was continued until no odorant
could be detected by GC-O. Each odorant was thus assigned a flavor dilution factor (FD factor)
representing the last dilution in which the odorant was still detectable. The evaluation of the
original extract was performed by four panelists, in particular, to agree upon the odor-active
areas detectable and also upon their odor qualities. Odor qualities were assigned on the basis
of a flavor language developed in our group by an evaluation of the odor quality of reference
odorants (Czerny et al., unpublished work). The AEDA of both fractions was finally performed
by two panelists in separate runs, and the FD factors determined were averaged. Training of
the panelists was done by GC-O using at least 40 odor-active reference compounds in a
concentration 5 times above their odor thresholds in air.

Static Headspace-Olfactometry (SHO) and Aroma Dilution Analysis (ADA)
Aliquots of the whisky (5 mL) were pipetted into septum-sealed vessels (200 mL) and

equilibrated for 30 min at room temperature. Decreasing volumes (10 to 0.25 mL) of headspace
samples were taken from separate vessels using a gastight syringe (Hamilton, Australia) and
were analyzed by HRGC-0 as described previously (22).

Determination of Enantiomeric Ratios

The enantiomeric ratios were determined by two-dimensional gas chromatography-mass
spectrometry using a chiral column (BGB-176, 30 m x 0.25 mm, film thickness 0.25 ym; BGB
Analytik AG, Rothenfluh, Switzerland) in the second dimension. The intensities of the
molecular ions (MS-Cl) were recorded for the calculation of the enantiomeric ratio (22).

Results and Discussion Jump to a sectian -

Identification of Odor-Active Compounds

The Bourbon whisky under investigation exhibited on overall vanilla-like fruity aroma with
additional smoky, malty odor qualities. By solvent extraction and SAFE distillation (21), a
volatile fraction was obtained, which elicited the typical aroma of the whisky when sniffed by
a group of 10 panelists on a strip of filter paper in an ethanol/water mixture (4:6 by vol.) equal
to the original whisky. Thus, the method of volatile isolation was proven to be appropriate for
aroma isolation from whisky.

To obtain insight into the odorants contributing to the overall aroma, an aliquot of the
distillate representing the total volatiles of 200 pL of whisky were separated by GC, and the
effluent was evaluated by GC-Olfactometry. A total of 45 odor-active areas were detected, and
a quite intense cooked-apple-like odor was smelled at position 24 (Figure 1). In addition,
several coconut-like odors, 27, 31, and 42, appeared with high intensities. By application of
the aroma extract dilution analysis (AEDA), the cooked-apple-like odorant 24, followed by the
coconut smelling compound, 31 appeared with the highest flavor dilution (FD) factors (Figure
1). In addition, the vanilla-like smelling odorant 45, a flowery smelling odorant 43, the clove-
like smelling odorant 36, the peach-like smelling odorant 35, and the coconut-like smelling
odorant 30 showed somewhat lower FD factors.

Figure 1. Gas chromatogram (A) and flavor dilution (FD) chromatogram (B) of
o the volatile fraction isolated from Bourbon whisky.

To identifv the combpounds responsible for these odors. first. the retention indices of the odor-


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jf800382m#fig1
http://pubs.acs.org/doi/full/10.1021/jf800382m#fig1
javascript:void(0);

active areas and the respective aroma attributes were compared to data available in an in-
house database containing about 500 compounds previously identified by our group as key
food odorants. This procedure suggested a structure for most of the aroma compounds. To
confirm these structures, a distillate obtained from 200 mL of whisky was separated into five
fractions by column chromatography on silica gel, the odor-active areas were relocated in the
fractions by GC-O and, then mass spectra in the electron impact mode (MS-El) and in the
chemical ionization mode (MS-Cl) were recorded. The data were finally compared to data
obtained by the analysis of the respective reference compounds.

Following this procedure, compound 24 with the highest FD factor was identified as (E)-B-
damascenone (Figure 2) exhibiting an intense aroma like that of cooked apples. With
compounds 21 and 29 (FD factors of 512 and 128, respectively), two further norisoprenoids
were identified, namely, a-damascone, likewise exhibiting a cooked apple-like smell, and B-
ionone exhibiting a violet-like odor (Table 1). Compound 31 with the second highest FD factor
of 2048 was identified as y-nonalactone (Figure 2). The two possible enantiomers were
separated on a chiral cyclodextrin stationary phase, and the enantiomeric distribution was
determined to be 56% R-y-nonalactone and 44% S-y-nonalactone (data not shown). Two further
compounds with a coconut-like odor could be identified as cis- and trans-whiskylactones (B-
methyl-y-octalactone; 27 and 30, Table 1). Whiskylactone (30; Figure 1) has two chiral centers
at positions 3 and 4 resulting in 4 stereoisomers. Mosandl and co-workers (23, 24) have
previously shown that only the (35,4S)-cis-whiskylactone and the (35,4R)-trans-whiskylactone
occur in whisky. Thus, by comparison of the retention indices with published data (23),
compound 27 was identified as (3S,4R)-trans-whiskylactone and compound 30 as (35,4S)-cis-
whiskylactone. With their high FD factors of 1024 and 512, respectively (Table 1), both
enantiomers are likely to contribute to the overall whisky aroma.

. Figure 2. Structures of the most odor-active compounds (FD = 1024) identified
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Table 1. Most Odor-Active (FD = 32) Volatile Constituents Identified in Bourbon
Whisky

Rl on
earlier reported
as
odor DB- | FD [volatilecompound
no. odorant quality |fract.|FFAP|DB-5|1701 |factor in whisky
1 |1,1-diethoxyethane [fruity A 900 |730 |<800[128 |(6, 25)
ethyl 2- .
2 methylpropanoate fruity A 958 (756 |811 |64 |(10, 26)
3 |ethyl butanoate fruity A 1029|805 (857 |64  |(10, 27)
ethyl (S)-2- .
4 methylbutanoate fruity A 1040|850 (900 |256
ethyl 3- .
5 methylbutanoate fruity A 1049|849 (906 (32 |(3)
6 |2-methylpropan-1-ol |malty C 1091|648 [n.d. [32 |(6, 25)
7 |unknown fruity B 1102|988 [n.d. |32
g [3methylbutyl fruity B [1120(879 (948 |256 |(6, 25)
acetate
9 |3-methylbutan-1-ol |malty C 1215|735 (844 (512 |(6, 25)
10 |ethyl hexanoate fruity B 1218(1000{1062|128 |(6, 10)
11 |(E)-2-heptenal fatty, green|B 1311(959 (1063|256
12 |nonanal soapy B 1380|1100[n.d. |32 |(28)
13 [Z-isopropyl-3- eathy |C  [1413|1091[1145(32
methoxypyrazine
14 |ethyl octanoate fruity CB;+ 1420|1197(1263(128 |(6, 25)
15 |(E)-2-nonenal green g+ 1533(1159(1275|128 |(29)
16 ((E,Z)-2,6-nonadienal |green g+ 1578(1153|n.d. |256 |(30)
A7 1/ I\ D Ao om o~ 1 Lo it . ™ AOHAI AN ADTITN DN
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18 |(E,E)-2,4-nonadienal |fatty D 1691(1211|n.d. |32

ethyl 2-

19 phenylacetate flowery D 1695|n.d. [n.d. |128
4 sweet,

20 almond- 1747|1186(1326 64
methylacetophenone like

21 |a-damascone cooked | l4779|1389|n.d. [512

apple
22 |(E,E)-2,4-decadienal |fatty CB:+ 1791|1315(1447|128

2-phenylethyl

23 flowery B 1804|1256(1371(128 |(10, 25)

acetate

24 |(E)-B-damascenone ggg:‘eed B [18131389|1487|4096 |(9)

25 |2-methoxyphenol phenolic |C 1849(1089(1225|64 (3, 31)

26 [2-Phenylethyl fruity 1860|n.d. |n.d. |128
propanoate

o7 |3SAR)-trans- coconut- 1o 11866|1295|1487(512 |31, 32)
whiskylactone like

28 |2-phenylethanol flowery D 1900|1113[{1273(512 |(6, 25)

29 [B-ionone violet-like |C 1929|1495(1620(128 |(8)

30 |3S:4S)-cis- coconut- 1C+ 144/611308|1522(1024 |(31, 32)
whiskylactone like D

31 |(R/S)-y-nonalactone I‘fl‘:gm“t' D  |2018|1365|1566(2048 |(26, 31)

3p [4-ethyl-2- phenolic, \ny - 1o030|1284|1413)128  |(7, 31)
methoxyphenol clove-like

33 |6-nonalactone peach-like [D 2047|n.d. [1612(256 |(15, 26)

34 [rans ethyl fruity D [2108|1461|n.d. [256
cinnamate

35 |y-decalactone peach-like (D 2132|1471(1690({1024 |(5)

36 [+-allyl-2- dove-ike |C  [2161]1357|1498|1024 |(31)
methoxyphenol

37 |4-ethylphenol phenolic |C 2168|1168(1395(32  |(7, 31)
3-hydroxy-4,5- seasoning-

38 |dimethyl-26H)- | 910 |2206|1100|1362[128
furanone

39 |unknown I‘i:li’:m“t' 2243(1562(1805(512

40 [unknown fruity 2265|n.d. [n.d. [128

41 |y-dodecalactone peach-like
(Z)-6-dodeceno-y-

D)

D

D  |2381]|1685{1900(256 |(5)
peach-lke |D  [2425|1680|n.d. (512

A

E

42
lactone

43 |unknown flowery + E|2442|n.d. |n.d. |1024

44 |2-phenylacetic acid |flowery 2552|1275|n.d. |256 |(33)
4-hydroxy-3-

45 |methoxy- vanilla-like (D |2600(1400({1632|1024 |(34)
benzaldehyde

a Numbering refers to Figure 1.

b The odorant was identified by comparing it with the reference compound on the
basis of the following criteria: (i) retention indices on the capillaries detailed in the
table, (ii) mass spectra obtained by MS-El and MS-Cl, and (iii) odor quality and odor
threshold determined by GC-Olfactometry.

¢ Odor quality perceived at the sniffing port.

d The odorant was detected in the column chromatography fractions A-E.

e Retention index; n.d. = not determined.

f Because no unequivocal mass spectrum could be obtained, the odorant was
identified by the remaining criteria given in footnote b.

Compound 36 with a clove-like, phenolic odor and a high FD factor of 1024 was identified as 4-
allyl-2-methoxyphenol (Figure 2). Further odorants showing phenolic odor attributes, but with
somewhat lower FD factors, were identified as 4-ethyl-2-methoxyphenol (32; Table 1) and 2-
methoxyphenol (25; Table 1). Among these compounds having the same ortho-methoxy-
hydroxy substitution at the aromatic ring, which were probably extracted from the degraded
lignin of the oak cask, 4-hydroxy-3-methoxybenzaldehyde (Vanillin; 45; Figure 2) with a vanilla-
like aroma showed the highest FD factor.
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The largest peak in the gas chromatogram (9; Figure 1) showing a malty smell was identified as
3-methylbutanol, and the aroma-active area 28 exhibiting a flowery aroma note was identified
as 2-phenylethanol. For both alcohols, well known as metabolites of amino acid degradation by
yeasts, an FD factor of 512 was determined.

Various esters exhibiting fruity or flowery aroma notes, were identified in the whisky distillate
(Table 1), namely, ethyl 2-methylbutanoate (4), 3-methylbutyl acetate (8), ethyl hexanoate
(10), ethyl methylpropanoate (2), ethyl butanoate (3), 2-phenylethyl acetate (23), 2-
phenylethyl propanoate (26), trans-ethyl cinnamate (34), and ethyl 2-phenylacetate (19). Ethyl
2-methylbutanoate (4) was shown to be present as a nearly pure (S)-enantiomer (98%) when
analyzed on a chiral cyclodextrin phase (data not shown). Ethyl (S)-2-methylbutanoate (4),
ethyl 2-phenylacetate (19), and trans-ethyl cinnamate (34) were all identified for the first time
in whisky.

Several aldehydes, exhibiting fatty or green odor notes, were also identified for the first time
in the volatile fraction of whisky, among them were (E)-2-heptenal and (E)-2-decenal (Table 1).
The results of the identification experiments in combination with the FD factors are
summarized in Table 1, which also shows, whether a compound has previously been reported
as constituent of whisky.

The extraction and distillation/concentration process used in the AEDA experiments, may lead
to losses in highly volatile compounds. To overcome this gap, static headspace-olfactometry
(SHO) was applied to the whisky sample. The results (Table 2) revealed 23 aroma-active areas,
and the aroma contribution of these highly volatile components was evaluated by analyzing
decreasing volumes of the headspace above the whisky. In the largest volume of 10 mL, 23
odor-active areas were detected. By decreasing the volume down to 100 pL, only the malty
smelling 3-methylbutanal could finally be detected, corresponding to a relative FD factor of
100. Further odorants with a high FD factor were identified as ethanol and ethyl 2-
methylpropanoate.

Table 2. Most Odor-Active Volatile Constituents in the Headspace above the
Bourbon Whisky

RI
onSE- | vol. | RDF- earlier reported as
odorant odorquality | 54 |[[mL] | factor |volatilecompound in whisky
acetaldehyde solvent-like (<600 (0.5 (20 (6)
dimethylsulfide canned | qn0 (100 |1 (35)
maize
ethanol ethanolic (<600 [0.25 (40 (6)
ethyl acetate fruity <600 (25 |4 (6)
2-methylpropanal  |malty 562 [50 |2 (26)
3-methylbutanal malty 650 (0.1 (100 (26)
2-methylbutanal malty 660 05 |20 (26)
ethyl propanoate fruity 711 25 |4 (27)
1,1-diethoxyethane |fruity 726 (05 |20 (6)
3-methylbutanol malty 733 (0.5 |20 (6)
ethyl 2-methyl fruity 754 025 |40 |(26)
propanoate
unknown fruity 757 |0.25 |40
unknown sulfury 771 05 |20
ethyl butanoate fruity 803 [1.0 |10 (36)
unknown earthy 818 1.0 |10
ethyl (S)-2- .
mei/h)(/IbLtanoate fruity 846 05 |20
ethyl 3- .
mei/hylbutanoate fruity 848 50 12 (3)
3-methylbutyl fruity 890 |25 |4 ©)
acetate
ethyl pentanoate fruity 904 [50 |2 (26)
unknown roasty 926 |50 |2
unknown green 958 [5.0 |2
unknown fruity 971 25 |4
~thvsd AvAarm st [ . A NNN Lo W =~ A o\
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a See Table 1.

b See Table 1.

¢ Retention index.

d Smallest headspace volume in which the odorant was detectable.

e The relative flavor dilution factor (RDF) was calculated by dividing the largest
headspace volume analyzed (10 mL) by the smallest volume in which the odorant was
detectable by GC-O.

Although in our study no experiments were performed to identify precursors of the key

odorants detected in whisky, several suggestions on their origin are given on the basis of
literature data reported for other alcoholic beverages: (E)-8-damascenone, which appeared
with the highest FD factor has already been detected in various alcoholic beverages, for
example, rum, beer, and wine (37-39). In whisky, it has been reported for the first time by
Masuda and Nishimura (9). In studies on the formation of (E)-8-damascenone, Roberts and
Acree (40) suggested the acid-catalyzed formation of (E)-B-damascenone from 3-hydroxy-7,8-
dihydro-B-ionol as the key precursor. This precursor has also been identified in wine (41, 42).
On the basis of these findings, it can be assumed that cereals may contain similar precursors
leading to the generation of (E)-B-damascenone during fermentation and/or distillation.

Whiskylactone was first identified in whisky by Nishimura and Masuda in 1971 (31) and has been
the subject of investigation regarding whisky flavor ever since. Mosandl et al. (23, 24) reported
that both enantiomers (35,4S)-cis- and (35,4R)-trans-whiskylactone are derived from the wood
of American white oak (Quercus alba). Previously 3-methyl-4-(3,4-dihydro-5-
methoxybenzoyloxy)-octanoic acid has been identified in extracts from Quercus alba and has
been postulated as the precursor of the lactones during charring of barrels (43, 44).
Consequently, Connor et al. (17) found that whisky lactone is present in significantly higher
amounts in whisky that was stored in new, heat-treated oak casks as compared to whisky that
was aged in re-used casks.

(E,Z)-2,6-Nonadienal was previously identified in malt whisky by Wanikawa et al. (30). During
the process of malting, linoleic and linolenic acid present in cereals are suggested to be
oxidized by lipoxygenases into hydroperoxides, which might be decomposed into unsaturated
aldehydes such as (E)-2-nonenal. Linoleic acid can also be formed during yeast fermentation
(45) or can be released from oak wood (46). (E,E)-2,4-Nonadienal, (E)-2-decenal, and (E)-2-
heptenal, identified here for the first time in whisky, may be generated by similar mechanisms
of lipid oxidation.

In the present study, a total of 13 aroma compounds were newly detected in the volatile
fraction of Bourbon whisky, namely, (S)-ethyl 2-methylbutanoate, (E)-2-heptenal, (E,E)-2,4-
nonadienal, (E)-2-decenal, (E,E)-2,4-decadienal, 2-isopropyl-3-methoxypyrazine, ethyl
phenylacetate, 4-methylacetophenone, a-damascone, 2-phenylethyl propanoate, 3-hydroxy-
4,5-dimethyl-2(°H)-furanone, trans-ethyl cinnamate, and (Z)-6-dodeceno-y-lactone. Previous
studies have emphasized the importance of straight-chain ethyl esters, such as ethyl acetate,
ethyl butanoate, ethyl hexanoate, and ethyl octanoate for whisky aromas as these are present
in whisky in high concentrations (47). Our investigations have, however, shown that, in
particular, branched ethyl esters such as ethyl (S5)-2-methylbutanoate, ethyl 3-
methylbutanoate, and ethyl 2-methylpropanoate contribute to the fruity attribute in whisky
flavor among which ethyl (S)-2-methylbutanoate is suggested as the most important fruity
smelling odorant.

To confirm the aroma contribution of the compounds listed in Table 1, quantitative studies
and aroma recombination experiments are underway (48). However, the compounds identified
can already be suggested as indicators to assess the odor quality of Bourbon whisky.

Acknowledgment Jump to a section -

We thank Dr. Petra Steinhaus for her valuable support in the preparation of this manuscript.

References Jump to a section o


javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jf800382m#tbl1
http://pubs.acs.org/doi/full/10.1021/jf800382m#tbl1
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
http://pubs.acs.org/doi/full/10.1021/jf800382m#tbl1
javascript:void(0);
javascript:void(0);
javascript:void(0);

This article references 48 other publications.

10.

1.

12.

13.

14.

15.

16.

17.

Watson, D. C. Factors Influencing the Congener Composition of Malt Whisky New Spirit In:
Flavour of Distilled Beverages: Origin and Development; Piggott, J. R. Ed.; Ellis
Horwood: Chichester, England, 1983, pp 79-92

Postel, W.; Adam, L. Characterization of American and Canadian whiskies by their volatile
profile (in German) Branntweinwirtschaft 1979 119 172 176 [ChemPort]

Demyttenaere, J. C. R.; Sanchez Martinez, J. K.; Verhe, R.; Sandra, P.; De Kimpe, N.
Analysis of volatiles of malt whisky by solid-phase microextraction and stir bar sorptive
extraction J. Chromatogr., A 2003 985 221 232 [CrossRef], [PubMed], [ChemPort]

Camara, J. S.; Marques, J. C.; Perestrelo, R. M.; Rodrigues, F.; Oliveira, L.; Andrade, P.;
Caldiera, M. Comparative study of the whisky aroma profile based on headspace solid
phase microextraction using different fibre coating J. Chromatogr., A 2007 1150 198 207
[CrossRef], [PubMed], [ChemPort]

The Netherlands Organisation for Applied Scientific Research TNO: Volatile Compounds in
Food, Version 9.2. http://www.vcf-online.nl (2007).

Nyksnen, L.; Suomalainen, H. The aroma compounds of alcoholic beverages Teknillisen
Kemian Aikakauslehti 1963 20 789 795

Steinke, R.; Paulson, M. C. The production of steam-volatile phenols during the cooking
and alcoholic fermentation of grain J. Agric. Food Chem. 1964 12 381 387 [ACS Full Text
#], [ChemPort]

LaRoe, E. G.; Shipley, P. A. Whiskey composition: formation of alpha- and beta ionone by
the thermal decomposition of beta-carotene J. Agric. Food Chem. 1970 18 174 175[ACS
Full Text %], [ChemPort]

Masuda, M.; Nishimura, K. Occurrence and formation of damascenone in alcoholic
beverages J. Food Sci. 1980 45 396 397 [CrossRef], [ChemPort]

Suomalainen, H.; Nykaenen, L. Composition of whisky flavour Proc. Biochem. 1970 5 13 18

ChemPort]

Salo, P.; Nykaenen, L.; Suomalainen, H. Odor thresholds and relative intensities of
volatile aroma components in an artificial beverage imitating whisky J. Food Sci. 1972 37
394 398 [CrossRef], [ChemPort]

Salo, P. Interactions among volatile aroma compounds in a whiskey imitation Lebensm.
Wiss. Technol. 1973 6 52 58 [ChemPort]

Jounela-Eriksson, P. Sensory Aspects of Flavor in Alcoholic Beverages. The Strength and
Quality of Whisky Aroma. Proceedings of the VIth International Symposium on Olfaction
and Taste; Le Magnen, J.; Mac Leod, P., Eds.; Information Retrieval Ltd. , London, 1977,
pp 409-419

Swan, J. S.; Burtles, S. M. The development of flavour in potable spirits Chem. Soc. Rev.
1978 7 201 211 [CrossRef], [ChemPort]

Jounela-Eriksson, P.; Lehtonen, M. Phenols in the Aroma of Distilled Beverages. In The
Quality of Foods and Beverages. Proceedings of the 2nd International Flavor Conference,
Greece; Charalambous, G., Ed. Inglett: New York, 1981; pp 167-181

Schieberle, P. Recent Developments in Methods for Analysis of Flavor Compounds and
Their Precursors In Characterization of Food: Emerging Methods; Goankar, A. Ed.;
Elsevier: Amsterdam, The Netherlands, 1995; pp 403-431[CrossRef]

Connor, J.; Reid, K.; Richardson, G. SPME Analysis of Flavor Components in the
Headspace of Scotch Whiskey and Their Subsequent Correlation with Sensory Perception


http://pubs.acs.org/servlet/linkout?suffix=ref2/cit2&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE1MXltlyku7s%253D
http://pubs.acs.org/servlet/linkout?suffix=ref3/cit3&dbid=16&doi=10.1021%2Fjf800382m&key=10.1016%2FS0021-9673%2802%2901471-1
http://pubs.acs.org/servlet/linkout?suffix=ref3/cit3&dbid=8&doi=10.1021%2Fjf800382m&key=12580490
http://pubs.acs.org/servlet/linkout?suffix=ref3/cit3&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADC%252BD3sXpsVSqsg%253D%253D
http://pubs.acs.org/servlet/linkout?suffix=ref4/cit4&dbid=16&doi=10.1021%2Fjf800382m&key=10.1016%2Fj.chroma.2006.09.014
http://pubs.acs.org/servlet/linkout?suffix=ref4/cit4&dbid=8&doi=10.1021%2Fjf800382m&key=17027810
http://pubs.acs.org/servlet/linkout?suffix=ref4/cit4&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADC%252BD2sXkvF2hsrk%253D
http://www.vcf-online.nl/
http://pubs.acs.org/servlet/linkout?suffix=ref7/cit7&dbid=20&doi=10.1021%2Fjf800382m&key=10.1021%2Fjf60134a022
http://pubs.acs.org/servlet/linkout?suffix=ref7/cit7&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaF2cXktlKhtLg%253D
http://pubs.acs.org/servlet/linkout?suffix=ref8/cit8&dbid=20&doi=10.1021%2Fjf800382m&key=10.1021%2Fjf60167a012
http://pubs.acs.org/servlet/linkout?suffix=ref8/cit8&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE3cXmsFeksw%253D%253D
http://pubs.acs.org/servlet/linkout?suffix=ref9/cit9&dbid=16&doi=10.1021%2Fjf800382m&key=10.1111%2Fj.1365-2621.1980.tb02626.x
http://pubs.acs.org/servlet/linkout?suffix=ref9/cit9&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaL3cXhsl2jsbY%253D
http://pubs.acs.org/servlet/linkout?suffix=ref10/cit10&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE3cXkvFOgtr0%253D
http://pubs.acs.org/servlet/linkout?suffix=ref11/cit11&dbid=16&doi=10.1021%2Fjf800382m&key=10.1111%2Fj.1365-2621.1972.tb02647.x
http://pubs.acs.org/servlet/linkout?suffix=ref11/cit11&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE38XksVKlurs%253D
http://pubs.acs.org/servlet/linkout?suffix=ref12/cit12&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE3sXksVSrurg%253D
http://pubs.acs.org/servlet/linkout?suffix=ref14/cit14&dbid=16&doi=10.1021%2Fjf800382m&key=10.1039%2Fcs9780700201
http://pubs.acs.org/servlet/linkout?suffix=ref14/cit14&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE1MXosFWltw%253D%253D
http://pubs.acs.org/servlet/linkout?suffix=ref16/cit16&dbid=16&doi=10.1021%2Fjf800382m&key=10.1016%2FB978-044481499-9%2F50018-4

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

In Gas Chromatography-Olfactometry: State of the Art; Leland, J. V.; Schieberle, P.
Eds.; ACS Symposium Series 782; American Chemical Society: Washington DC, 2001; pp
113-121

Widder, S.; Sen, A.; Grosch, W. Changes in the flavour of butter oil during storages.
Identification of potent odorants Z. Lebensm.-Unters. -Forsch. 1991 193 32 35[CrossRef],

ChemPort]

Ullrich, F.; Grosch, W. Flavor deterioration of soybean oil: identification of intense odor
compounds formed during flavor reversion Fett Wiss. Technol. 1988 90 332 336 [CrossRef],

ChemPort]

Esterbauer, H. On the autoxidation of methyl linoleate in water Fette, Seifen,
Anstrichm. 1968 70 1 4[CrossRef], [ChemPort]

Engel, W.; Bahr, W.; Schieberle, P. Solvent assisted flavour evaporation E a new and

versatile technique for the careful and direct isolation of aroma compounds from complex
food matrices Eur. Food Res. Technol. 1999 209 237 241 [CrossRef], [ChemPort]

Hinterholzer, A.; Schieberle, P. Identification of the most odor-active volatiles in fresh,
hand-extracted juice of valencia late oranges by odor dilution techniques Flavour Fragr.
J. 1998 13 49 55 [CrossRef], [ChemPort]

Gpnther, C.; Mosandl, A. Stereoisomeric aroma compounds. XV. Chirospecific analysis of
natural odorants: Whisky lactone (in German) Z. Lebensm.-Unters.-Forsch. 1987 1851 4

CrossRef]

Mosandl, A.; Kustermann, A. Stereoisomeric flavor compounds. XXX. HRGC analysis of
chiral y-lactones from beverages and fruit preparations Z. Lebensm. -Unters. -Forsch. 1989
189 212 215[CrossRef], [ChemPort]

Duncan, R. E. B.; Philip, J. M. Methods for the analysis of Scotch whisky J. Sci. Food
Agric. 1966 17 208 214[CrossRef], [ChemPort]

Kahn, J. H.; Shipley, P. A.; LaRoe, E. G.; Conner, H. A. Whiskey composition:
Identification of additional components by gas chromatography-mass spectrometry J.
Food Sci. 1969 34 587 591 [CrossRef], [ChemPort]

Kahn, J. H.; LaRoe, E. G.; Conner, H. A. Whiskey composition: Identification of
components by single-pass chromatography-mass spectrometry J. Food Sci. 1968 33 395
400[CrossRef], [ChemPort]

Ter Heide, R. Recent Advances in the Knowledge of Alcoholic Beverages. In Colloque
international sur les Aromes Alimentaires, Proceedings of the International Symposium on
Food Flavors, Lavoisier, Paris, 1982; pp 27-45

Perry, D. R. Odour Intensities of Whisky Componds In Distilled Beverage Flavour, Piggott,
J. R.; Paterson, A. Eds.; Ellis Horwood, Series in Food Science and Technology; VCH:
Weinheim, Germany, 1989; pp 151-169

Wanikawa, A.; Hosoi, K.; Kato, T.; Nakagawa, K. Identification of green note compounds
in malt whisky using multidimensional gas chromatography Flavour Fragr. J. 2002 17 207
211[CrossRef], [ChemPort]

Nishimura, K.; Masuda, M. Minor constituents of whisky fusel oils. |. Basic, phenolic and
lactonic compounds J. Food Sci. 1971 36 819 822 [CrossRef], [ChemPort]

Otsuka, K.; Zenibayashi, Y.; Itoh, M.; Totsuka, A. Presence and significance of two
diastereomers of B-methyl-y-octalactone in aged distilled liquors Agric. Biol. Chem. 1974

38 485 490 [ChemPort]

MacNamara, K.; Brunerie, P.; Squarcia, F.; Rozenblum, A. Investigation of Flavour
Compounds in Whiskey Spent Lees. In Food Flavors: Generation, Analysis and Process
Influence; Charalambous, G. Eds.; Elsevier Science: New York, 1995; pp 1753-1766

CrossRef]


http://pubs.acs.org/servlet/linkout?suffix=ref18/cit18&dbid=16&doi=10.1021%2Fjf800382m&key=10.1007%2FBF01192013
http://pubs.acs.org/servlet/linkout?suffix=ref18/cit18&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaK3MXmsFClt7k%253D
http://pubs.acs.org/servlet/linkout?suffix=ref19/cit19&dbid=16&doi=10.1021%2Fjf800382m&key=10.1002%2Flipi.19880900902
http://pubs.acs.org/servlet/linkout?suffix=ref19/cit19&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaL1MXit1CktQ%253D%253D
http://pubs.acs.org/servlet/linkout?suffix=ref20/cit20&dbid=16&doi=10.1021%2Fjf800382m&key=10.1002%2Flipi.19680700102
http://pubs.acs.org/servlet/linkout?suffix=ref20/cit20&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaF1cXhtFCjsrg%253D
http://pubs.acs.org/servlet/linkout?suffix=ref21/cit21&dbid=16&doi=10.1021%2Fjf800382m&key=10.1007%2Fs002170050486
http://pubs.acs.org/servlet/linkout?suffix=ref21/cit21&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaK1MXlsFSgurc%253D
http://pubs.acs.org/servlet/linkout?suffix=ref22/cit22&dbid=16&doi=10.1021%2Fjf800382m&key=10.1002%2F%28SICI%291099-1026%28199801%2F02%2913%3A1%3C49%3A%3AAID-FFJ691%3E3.0.CO%3B2-S
http://pubs.acs.org/servlet/linkout?suffix=ref22/cit22&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaK1cXisV2jurY%253D
http://pubs.acs.org/servlet/linkout?suffix=ref23/cit23&dbid=16&doi=10.1021%2Fjf800382m&key=10.1007%2FBF01083330
http://pubs.acs.org/servlet/linkout?suffix=ref24/cit24&dbid=16&doi=10.1021%2Fjf800382m&key=10.1007%2FBF01028065
http://pubs.acs.org/servlet/linkout?suffix=ref24/cit24&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaK3cXhtFOntro%253D
http://pubs.acs.org/servlet/linkout?suffix=ref25/cit25&dbid=16&doi=10.1021%2Fjf800382m&key=10.1002%2Fjsfa.2740170505
http://pubs.acs.org/servlet/linkout?suffix=ref25/cit25&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaF28XktVOiurk%253D
http://pubs.acs.org/servlet/linkout?suffix=ref26/cit26&dbid=16&doi=10.1021%2Fjf800382m&key=10.1111%2Fj.1365-2621.1969.tb12096.x
http://pubs.acs.org/servlet/linkout?suffix=ref26/cit26&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE3cXktValsLg%253D
http://pubs.acs.org/servlet/linkout?suffix=ref27/cit27&dbid=16&doi=10.1021%2Fjf800382m&key=10.1111%2Fj.1365-2621.1968.tb03637.x
http://pubs.acs.org/servlet/linkout?suffix=ref27/cit27&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaF1cXkvVGns7o%253D
http://pubs.acs.org/servlet/linkout?suffix=ref30/cit30&dbid=16&doi=10.1021%2Fjf800382m&key=10.1002%2Fffj.1073
http://pubs.acs.org/servlet/linkout?suffix=ref30/cit30&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADC%252BD38XksFaks7w%253D
http://pubs.acs.org/servlet/linkout?suffix=ref31/cit31&dbid=16&doi=10.1021%2Fjf800382m&key=10.1111%2Fj.1365-2621.1971.tb03315.x
http://pubs.acs.org/servlet/linkout?suffix=ref31/cit31&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE3MXltFOgsb0%253D
http://pubs.acs.org/servlet/linkout?suffix=ref32/cit32&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE2cXktVagtb8%253D
http://pubs.acs.org/servlet/linkout?suffix=ref33/cit33&dbid=16&doi=10.1021%2Fjf800382m&key=10.1016%2FS0167-4501%2806%2980262-1

34.
Baldwin, S.; Black, R. A.; Andreasen, A. A.; Adams, S. L. Aromatic congener formation in
maturation of alcoholic distillates J. Agric. Food Chem. 1967 15 381 385[ACS Full Text w],

[ChemPort]

35.
Masuda, M.; Nishimura, K. Changes in volatile sulfur compounds of whisky during aging J.
Food Sci. 1981 47 101 105 [CrossRef], [ChemPort]

36.

Nykaenen, L. Formation and occurrence of flavour compounds in wine and distilled
beverages Am. J. Enol. Viticult. 1986 37 84 96

37.
Lehtonen, M.; Suomalainen, H. The analytical profile of some whisky brands Proc.
Biochem. 1979 14 5 9[ChemPort]

38.
Schieberle, P. Primary odorants of pale lager beer Z. Lebensm.-Unters.-Forsch. 1991 193
558 565 [CrossRef], [ChemPort]

39.
Guth, H. Identification of character impact odorants of different white wine varieties J.
Agric. Food Chem. 1997 45 3022 3026 [ACS Full Text #], [ChemPort]

40.
Roberts, D. D.; Acree, T. E. Developments in the Isolation and Characterization of B-
Damascenone Precursors from Apples. In Fruit Flavors, Biogenesis, Characterization and
Authentication Rouseff, R. L.; Leahy, M. M. Eds.; ACS Symposium Series 596; American
Chemical Society: Washington DC, 1995; pp 190-199

41.

Winterhalter, P.; Sefton, M. A.; Williams, P. J. Two-dimensional GC-DCCC analysis of the
glycoconjugates of monoterpenes, norisoprenoids and shikimate-derived metabolites
from Riesling wine J. Agric. Food Chem. 1990 38 1041 1048 [ACS Full Text #], [ChemPort]

42,
Baderscheider, B.; Skouroumounis, G.; Winterhalter, P. Isolation of two glucosidic
precursors of B-damascenone from Riesling wine Nat. Prod. Letters 1997 10 111 114

CrossRef]

43.
Otsuka, K.; Sato, K.; Yamashita, T. Studies on the mechanism of aging of distilled liquors.
VIII. Structure of a precursor of B-methyl-y-octalactone, an aging flavor compound of
distilled liquors J. Ferment. Technol. 1980 58 395 398 [ChemPort]

Masson, G.; Guichard, E.; Fournier, N.; Puech, J-L. Stereoisomers of B-methyl-y-
octalactone. Il. Contents in the wood of French (Quercus petraea) and American
(Quercus alba) oaks Am. J. Enol. Viticult. 1995 46 424 428 [ChemPort]

45,
De Rijeke, D.; TerHeide, R. Flavour compounds in Rum, Cognac and Whisky In Flavour of
Distilled Beverages: Origin and Development. Piggott, J. R. Eds.; Ellis Horwood:
Chichester, 1983; pp 192-202

46.
Reazin, G. H. Chemical mechanisms of whisky maturation Am. J. Enol. Viticult. 1981 32
283 289 [ChemPort]

47.

Ter Heide, R. The Flavour of Distilled Beverages. In Developments in Food Science 3B
(Food Flavours, Part B, The Flavour of Beverages); Morton, I. D., MacLeod, A. J., Eds.;
Elsevier: Amsterdam, 1986; pp 239-336

48.
Poisson, L.; Schieberle, P. Characterization of the key aroma compounds in an American
bourbon whisky by quantitative measurements, aroma recombination and omission
studies. J. Agric. Food Chem. 2008, 5820-5826. [ACS Full Text ], [PubMed]

Copyright © 2009 American Chemical Society Journals A-Z | Books | Authors & Reviewers | Librarians | ACS Members | About Us | e-Alerts | Help

1155 Sixteenth Street N.W., Washington, DC 20036 S—
£ ACS Publications is a partner of: COUNTER

Technology Partner - Atypon Systems, Inc.



http://pubs.acs.org/servlet/linkout?suffix=ref34/cit34&dbid=20&doi=10.1021%2Fjf800382m&key=10.1021%2Fjf60151a012
http://pubs.acs.org/servlet/linkout?suffix=ref34/cit34&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaF2sXkt1Smtbc%253D
http://pubs.acs.org/servlet/linkout?suffix=ref35/cit35&dbid=16&doi=10.1021%2Fjf800382m&key=10.1111%2Fj.1365-2621.1982.tb11037.x
http://pubs.acs.org/servlet/linkout?suffix=ref35/cit35&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaL38Xht1Sku7g%253D
http://pubs.acs.org/servlet/linkout?suffix=ref37/cit37&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaE1MXkslejurs%253D
http://pubs.acs.org/servlet/linkout?suffix=ref38/cit38&dbid=16&doi=10.1021%2Fjf800382m&key=10.1007%2FBF01190873
http://pubs.acs.org/servlet/linkout?suffix=ref38/cit38&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaK38XitlChsbc%253D
http://pubs.acs.org/servlet/linkout?suffix=ref39/cit39&dbid=20&doi=10.1021%2Fjf800382m&key=10.1021%2Fjf9608433
http://pubs.acs.org/servlet/linkout?suffix=ref39/cit39&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaK2sXltV2qtrs%253D
http://pubs.acs.org/servlet/linkout?suffix=ref41/cit41&dbid=20&doi=10.1021%2Fjf800382m&key=10.1021%2Fjf00094a028
http://pubs.acs.org/servlet/linkout?suffix=ref41/cit41&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaK3cXhslKqtLk%253D
http://pubs.acs.org/servlet/linkout?suffix=ref42/cit42&dbid=16&doi=10.1021%2Fjf800382m&key=10.1080%2F10575639708043724
http://pubs.acs.org/servlet/linkout?suffix=ref43/cit43&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaL3cXmtlKrtrg%253D
http://pubs.acs.org/servlet/linkout?suffix=ref44/cit44&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaK28XhtFyit7c%253D
http://pubs.acs.org/servlet/linkout?suffix=ref46/cit46&dbid=32&doi=10.1021%2Fjf800382m&key=1%3ACAS%3A528%3ADyaL38Xmslaisg%253D%253D
http://pubs.acs.org/servlet/linkout?suffix=ref48/cit48&dbid=20&doi=10.1021%2Fjf800382m&key=10.1021%2Fjf800383v
http://pubs.acs.org/servlet/linkout?suffix=ref48/cit48&dbid=8&doi=10.1021%2Fjf800382m&key=18582086
http://pubs.acs.org/action/showPublications?display=journals
http://pubs.acs.org/page/books/index.html
http://pubs.acs.org/page/4authors/index.html
http://pubs.acs.org/page/4librarians/index.html
http://pubs.acs.org/page/membership/index.html
http://pubs.acs.org/page/about-us.html
http://pubs.acs.org/action/showPreferences?menuTab=Alerts
http://pubs.acs.org/help
http://www.portico.org/
http://www.projectcounter.org/
http://www.crossref.org/
http://www.atypon.com/

