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The enantiomeric compositions of 2-methylbutanol (1), 4-methylhexanol (2), 2-methylbutanoic acid
(3), and 4-methylhexanoic acid (4) present in rhubarb (Rheum rhabarbarum L.) stalks were determined.
Enantiodifferentiation was achieved via multidimensional gas chromatography using heptakis(2,3,6-
tri-O-ethyl)-â-cyclodextrin as a chiral stationary phase. For all compounds the enantiomeric ratios
were in favor of the (R)-enantiomers. The alcohols (1 and 2) exhibited generally high excesses of
the (R)-enantiomers, the ratios varying slightly from batch to batch. For the acid (3) a rather narrow
range averaging 65% (R):35% (S) was observed. The procedure applied to isolate the volatiles
(vacuum headspace technique, simultaneous distillation-extraction, liquid-liquid extraction) had no
significant impact on the enantiomeric ratios. The study describes for the first time a plant used as
food material in which 2-methyl-branched volatiles are not nearly exclusively present as (S)-
enantiomers. This information enlarges the current regulatory knowledge regarding the classification
of these important flavor compounds as “natural” on the basis of their enantiomeric ratios.
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INTRODUCTION

Rhubarb, a member of the family Polygonaceae, is a plant
whose parts are used for various purposes. The dried rhizomes
of some species, for example,Rheum officinaleB., Rheum
palmatumL., Rheum rhaponticum, andRheum sinense, are raw
materials for the pharmaceutical industry (1-3). Owing to their
taste, extracts obtained from rhizomes ofR. officinaleB., R.
palmatumL., andR. rhaponticumL. are used as flavoring agents
for certain bitters (3). Another popular use is the consumption
of the stalks ofRheum rhabarbarum(syn.undulatum) L. as a
vegetable and their processing into products such as jam,
compote, or juice (1,4).

In a recent study the volatile constituents of rhubarb stalks
have been investigated (5). In addition to the preponderant
compounds with C6 skeletons, the presence of methyl-branched
components turned out to be a typical feature of the spectrum
of volatiles isolated by means of vacuum headspace technique
(VHS). Representatives in this group comprise 2-methyl-
branched compounds (2-methylbutanol and 2-methylbutanoic
acid) known to be derived from isoleucine and present in many
fruits (6-9). In addition, the less common 4-methyl-branched
homologues (4-methylhexanol and 4-methylhexanoic acid),

reported in tobacco (10-13) and certain animal-derived products
(14-16), are present.

2-Methyl-branched compounds have been considered to be
classical examples of chiral volatiles with fixed configurations
and high enantiomeric purities. 2-Methylbutanoic acid, the
corresponding esters, and the alcohol 2-methylbutanol have been
detected as flavor compounds in fresh and processed apples,
favoring the (S)-configuration and enantiomeric ratios mostly
>99% (7, 17-19). High enantiomeric excesses of the (S)-
enantiomer of 2-methylbutanoic acid were also found in other
fruits (e.g., strawberry, papaya, black currant, and pineapple),
in cheese, and in alcoholic beverages (18). 2-Methylbutanol
derived from fermented products (e.g., apple, grape, and starch)
was also detected as the (S)-enantiomer (20). Considering the
biogenesis of these compounds fromL-isoleucine (2S,3S), their
high enantiomeric purities are to be expected. There are only a
few exceptions to this general rule. 2-Methylbutanoic acid in
Parmesan cheese, for example, exhibits an enantiomeric ratio
of 75% (S):25% (R) (21). The only sources in which the (R)-
acid has been shown to be predominant are medicinal plants,
such asVeratrumspecies (e.g.,Veratrum albumandVeratrum
Viride) (18, 22, 23).

To categorize aroma compounds as “natural” on the basis of
their enantiomeric compositions, comprehensive knowledge on
genuine enantiomeric ratios is an important prerequisite. There-
fore, the aim of this study was to determine the naturally
occurring enantiomeric distributions of the methyl-branched
acids and alcohols in rhubarb stalks.
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MATERIALS AND METHODS

Materials. Rhubarb stalks (R. rhabarbarumL.) were purchased from
supermarkets (June 2001) and a local farmers’ market (June 2002).
The material was stored (for a maximum of 5 days) at 5°C before
analysis.

Chemicals.(S)-2-Methylbutanol and (S)-2-methylbutanoic acid were
purchased from Aldrich, Steinheim, Germany. (S)-4-Methyl-1-hexanol
was obtained from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan.
Racemic 4-methylhexanol was prepared via hydroboration of 4-methyl-
1-hexene (Aldrich) (24). Subsequent oxidation with permanganate was
applied to yield racemic 4-methylhexanoic acid (25). (S)-4-Methyl-
hexanoic acid was synthesized according to the same procedure via
oxidation of (S)-4-methyl-1-hexanol.

Isolation of Volatiles. Volatile constituents were isolated from
rhubarb stalks by means of different techniques: vacuum headspace
(VHS), liquid-liquid extraction (LLE), and simultaneous distillation-
extraction (SDE).

VHS. The material from 2001 was subjected to the isolation
procedure as described previously (5). To have conditions comparable
to those of LLE and SDE, isolations performed in 2002 started from
300 g of rhubarb stalks and included the addition of 300 mL of water
to the crushed material.

LLE. Three hundred grams of the cut stalks was homogenized with
300 mL of distilled water in a laboratory blender (2 min). The
supernatant obtained after centrifugation (8000g, 15 min) was trans-
ferred into a liquid-liquid extractor according to the method of
Kutscher-Steudel (26). Volatiles were extracted for 24 h using 150 mL
of a mixture ofn-pentane and diethyl ether (1:1, v/v) as solvent.

SDE.The supernatant obtained according to the procedure described
for LLE was transferred into a 2 Lround-bottom flask connected to an
SDE apparatus (27). Distillation-extraction was performed for 2 h,
using 150 mL of a mixture ofn-pentane and diethyl ether (1:1, v/v) as
solvent.

Each of the extracts obtained was dried over anhydrous sodium
sulfate, concentrated at 40-45°C to a final volume of 0.3 mL using
a Vigreux column. One microliter was subjected to analysis by
multidimensional gas chromatography (MDGC).

Multidimensional Gas Chromatography. The instrumentation used
for enantioselective gas chromatographic analysis of the chiral com-
pounds consisted of two coupled GC 8000 series gas chromatographs
(ThermoFinnigan, Carlo Erba Instruments, Egelsbach, Germany) with
two independent temperature controls and two flame ionization detectors
(FID). The columns were coupled by the moving column stream
switching device (MCSS) (28, 29). In the first GC, an achiral precolumn
was installed and coupled via the MCSS device and a deactivated fused
silica transfer capillary (1 m× 0.25 mm i. d.) to the chiral separation
column. A phenylmethyl deactivated fused silica capillary (30 m×
0.25 mm i. d.) was coated in-house with 33% heptakis(2,3,6-tri-O-
ethyl)-â-cyclodextrin in OV-1701-vi to form a film thickness of 0.25
µm. Synthesis of the cyclodextrin derivative and column preparation
were performed as described earlier (30, 31). Injection into the
precolumn was done in the split mode at 215°C (split ratio) 1:15).
Carrier gas used was hydrogen at a constant inlet pressure of 165 kPa.
The outlet pressure of the precolumn was 98 kPa (measured within
the “dome” of the MCSS device via an additional manometer), which
also corresponded to the actual inlet pressure for the chiral column in
the second GC oven. The monitor detector (precolumn) was set at 260
°C, and the main detector (chiral column) was set at 160°C. The
temperature program for the precolumns [1, DB-5 (28 m× 0.25 mm
i.d., 0.25µm film thickness); 2, DB-Wax (30 m× 0.32 mm i.d. 0.25
µm film thickness, J&W Scientific)] started at 40°C (5 min hold) and
was programmed at 4°C/min to 240°C. The temperature program for
the main column started at 37°C (10 min hold) and was programmed
at 2 °C/min to 160°C (precolumn 1), 47°C (10 min hold), and 2
°C/min to 160°C (precolumn 2). Control of the MCSS device and
data acquisition was done via Chromcard software (ThermoFinnigan).

The limits of detection and determination of the MDGC transfer
step were estimated according to previously described procedures (32,
33), using a series of eight dilutions of reference compounds1-4
covering a concentration range from 0.5 to 100µg/kg.

HRGC)Olfactometry (GC-O). GC-O analysis of 4-methylhexanol
and 4-methylhexanoic acid was performed using the above-described
column with heptakis(2,3,6-tri-O-ethyl)-â-cyclodextrin in OV-1701-
vi as chiral stationary phase installed in a Carlo Erba (Fractovap 4200)
gas chromatograph equipped with an FID, split injector, and sniffing
port. Injection was done in the split mode at 215°C (split ratio 1:15).
Carrier gas used was hydrogen at a constant inlet pressure of 100 kPa.
The effluent of the column was split 1:1 via a press-fit splitter (BGB
Analytik, Anwil, Switzerland) and short pieces of deactivated fused
silica capillaries to the detector and the heated sniffing port (200°C).
The amounts assessed at the sniffing port were∼200 ng for each
enantiomer.

RESULTS AND DISCUSSION

The enantiomeric compositions of 2-methylbutanol, 2-meth-
ylbutanoic acid, 4-methylhexanol, and 4-methylhexanoic acid
isolated from rhubarb stalks were determined simultaneously
via MDGC using heptakis(2,3,6-tri-O-ethyl)-â-cyclodextrin
(perethyl-â-CD) as chiral main column (Figure 1a). The order
of elution of the enantiomers was determined by co-injection
of optically pure reference compounds. The usefulness of
perethyl-â-CD for enantioseparation of 2-alkyl-branched vola-
tiles had been demonstrated before (34). The order of elution
for the enantiomers of 2-methylbutanol and 2-methylbutanoic
acid was in agreement with previously published data (34,35).
The reversal of the order of elution for the alcohol and
corresponding acid was also observed for the 4-methyl-branched
homologues. Capillary gas chromatographic enantioseparation
of 4-methylhexanol is described for the first time. The enanti-
omers of 4-methylhexanoic acid had been separated on heptakis-
(2,3-dimethyl-6-tert-butyldimethylsilyl)-â- and -γ-cyclodextrin,
however, without assignment of the order of elution (36). The
methyl ester of this acid had been enantiodifferentiated in the
course of the structural elucidation of multibranched long-chain
fatty acids from freshwater sponges using heptakis(2,6-dimethyl-
3-pentyl)-â-cyclodextrin (37).

A typical chromatogram showing the enantiodifferentiation
of the four methyl-branched volatiles in a VHS extract from
rhubarb stalks using a DB-5 as achiral precolumn in the MDGC
system is shown inFigure 1b. To confirm these results and to
rule out that the cuts on the precolumn would result in the
transfer of compounds eventually coeluting with the enantiomers
separated on the main column, MDGC analysis was repeated
for the same extract using a precolumn of opposite polarity (DB-
Wax). A comparison ofFigures 1b and 2a shows that the
chromatograms obtained on the chiral column differ in the
additional presence of two major peaks 5 and 6. Assessment of
retention indices and transfer of authentic reference compounds
allowed these peaks to be assigned to two main C6 compounds
identified in rhubarb stalks (5): using DB-5 as achiral precolumn
in the MDGC system, the cut of 2-methylbutanoic acid (KI 880)
results in simultaneous transfer of (E)-2-hexenol (KI 875). On
the other hand, the cut of 2-methylbutanol (KI 1206) from DB-
Wax is accompanied by a transfer of (E)-2-hexenal (KI 1211).
Apart from this difference in cotransferred compounds, the two
approaches resulted in the same enantiomeric distributions of
the methyl-branched volatiles. Co-injection of the (S)-enanti-
omers confirmed that 2-methylbutanol, 2-methylbutanoic acid,
and 4-methylhexanol were detected with optical purities in favor
of the (R)-enantiomers (Figure 2b).

Enantiomeric compositions of methyl-branched compounds
determined in extracts obtained by VHS from three batches of
rhubarb stalks are listed inTable 1. Data originate from
duplicate isolation of volatiles for each batch (material from
2001) and triplicate analyses of enantiomers for each extract.

Enantiomeric Ratios of Methyl-Branched Volatiles in Rhubarb J. Agric. Food Chem., Vol. 51, No. 24, 2003 7087



Statistical evaluation of the MDGC transfer technique (32, 33)
revealed limits of determination of 1.5µg/kg for 2-methylbu-
tanol and 4-methylhexanol, respectively, and 12µg/kg for
2-methylbutanoic acid. Therefore, the concentrations determined
via VHS for 2-methylbutanol (328-367 µg/kg), 2-methylbu-
tanoic acid (43-250µg/kg), and 4-methylhexanol (18-40 µg/
kg) (5) were sufficient to fulfill the quantitative requirements
for MDGC transfer and subsequent enantiodifferentiation on
the chiral stationary phase. 4-Methylhexanoic acid, on the other
hand, was present in much lower concentrations (1-2 µg/kg)
(5). These amounts are below the level of detection (3µg/kg)
and the level of determination (9µg/kg) observed for this
compound (32,33). Accordingly, accurate quantification of
enantiomers and calculation of enantiomeric ratios were not
possible (38).

For all compounds the enantiomeric ratios determined were
in favor of the (R)-enantiomer. To confirm this surprising result
and to check the potential influence of the isolation procedure
on the enantiomeric distributions, extracts obtained from material
in 2002 by VHS technique, by SDE, and by LLE were analyzed.
Data obtained from three batches are shown inTable 2. The
isolation procedure applied had no significant impact on the
enantiomeric ratios. In particular, the application of SDE, a
technique involving thermal treatment of the material under
acidic conditions (pH∼3.5) for 2 h, did not result in enantio-
meric ratios being significantly different from those obtained
by the other approaches. This is in accordance with the fact

that 2-methylbutanoic acid has been isolated without race-
mization by steam distillation from apple (17). Only slight
racemization was observed in apple marmalade (18) or under
harsh conditions of fractional distillation (39).

The data obtained in 2002 confirmed the dominance of the
(R)-enantiomers observed in 2001. The alcohols 2-methylbutanol
and 4-methylhexanol exhibited generally high excesses of the
(R)-enantiomers. The ratios varied only slightly from batch to
batch. For 2-methylbutanoic acid a rather narrow range averag-
ing an enantiomeric ratio of 65% (R):35% (S) was observed.
Again, in most cases the concentrations of 4-methylhexanoic
acid were too low to allow accurate calculations of enantiomeric
ratios.

Sensory Aspects.Alkyl-branched volatiles are examples of
chiral compound classes for which differences in the sensory
properties of their enantiomers have been reported (40). The
odor of (S)-2-methylbutanoic acid has been described as
pleasant, sweet, and fruity, whereas the (R)-enantiomer has a
penetrating note, reminiscent of cheese and sweat. (S)-2-
Methylbutanol has been characterized as ethereal and fresh,
whereas the optical antipode possesses a fermented, fatty, and
musty odor (40-42). For 4-methylhexanoic acid less pro-
nounced differences in sensory properties between the enanti-
omers have been reported (43). GC-O confirmed both enanti-
omers to possess acidic, fatty notes, with the (R)-enantiomer
being more potent. Sensory properties of the enantiomers of
4-methylhexanol had not yet been described. Evaluation via

Figure 1. Stereodifferentation of 2-methylbutanol (1), 4-methylhexanol (2), 2-methylbutanoic acid (3), and 4-methylhexanoic acid (4) on heptakis(2,3,6-
tri-O-ethyl)-â-cyclodextrin as chiral stationary phase after transfer from DB-5 (for chromatographic conditions, see Materials and Methods): (a) racemic
reference compounds; (b) compounds from a VHS extract of rhubarb stalks. Peak 5 corresponds to (E)-2-hexenol, a compound transferred together with
2-methylbutanoic acid.
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GC-O on a chiral stationary phase revealed a spicy, nutty,
slightly green, and sour note for the (S)-configured compound
and a green, fatty, and nut- and carrot-like odor for the (R)-
enantiomer. The odor qualities perceived for 2-methylbutanoic
acid, 2-methylbutanol, and 4-methylhexanol in the course of
the GC-O analysis of VHS extracts obtained from rhubarb stalks

(5) are in agreement with the analytically determined dominance
of the (R)-enantiomers.

Biogenetic Aspects.Labeling experiments in various fruits
have demonstrated the role of amino acids as precursors of
volatile acids, alcohols, and esters (44, 45). Starting from
L-isoleucine (2S,3S), the almost exclusive presence of (S)-
configured 2-methylbutanoic acid, 2-methylbutanol, and 2-me-
thylbutanoates is plausible. The enantiomeric ratios revealed in
this study are in contradiction to this pathway. Either another
precursor or a different biogenetic route could be the explana-
tion.

In mammals the role of alloisoleucine as precursor of (R)-
configured metabolites has been demonstrated. Mechanisms
underlying the interconversion of isoleucine and alloisoleucine
and the so-called (R)-pathway have recently been reviewed (46).
With regard to plant physiology, administration of ethyl tiglate
to apple fruits revealed the enzyme-catalyzed hydrogenation of
(E)-2-methyl-2-butenyl esters as a source for (R)-2-methylbutyl
derivatives (47).

4-Methylhexanol and 4-methylhexanoic acid are also derived
from isoleucine catabolism. Biosynthetic studies in petal tissue
of Nicotiana sylVestrisindicated that 2-methylbutyryl CoA is
elongated by the addition of one acetate molecule via fatty acid
synthase, followed by reduction to yield 4-methylhexanol (48).
This biogenetic relationship between 2-methylbutanol and
4-methylhexanol is supported by the rather similar enantiomeric

Figure 2. Separation of the enantiomers of 2-methylbutanol (1), 4-methylhexanol (2), 2-methylbutanoic acid (3), and 4-methylhexanoic acid (4) on
heptakis(2,3,6-tri-O-ethyl)-â-cyclodextrin as chiral stationary phase after transfer from DB-Wax (for chromatographic conditions, see Materials and
Methods): (a) compounds from a VHS extract of rhubarb stalks; (b) after spiking the VHS extract with (S)-configured reference compounds. Peak 6
corresponds to (E)-2-hexenal, a compound transferred together with 2-methylbutanol.

Table 1. Enantiomeric Distributions of 2-Methylbutanol (1),
4-Methylhexanol (2), 2-Methylbutanoic Acid (3), and 4-Methylhexanoic
Acid (4) Isolated by VHS from Extracts of Rhubarb Stalksa

enantiomeric distributionb (%)

1 2 3 4

sample R S R S R S R S

batch 1
VHS1 79 21 92 8 64 36 nd
VHS2 79 21 93 7 61 39 nd

batch 2
VHS1 81 19 92 8 61 39 nd
VHS2 76 24 93 7 58 42 nd

batch 3
VHS1 79 21 88 12 69 31 nd
VHS2 81 19 84 16 70 30 nd

mean 79 21 90 10 64 36

a Material from 2001. b Means from triplicate experiments (standard deviations
e ±1 for all compounds); nd, not detected.
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ratios observed, particularly in the rhubarb material analyzed
in 2002 (Table 2).

The significant proportions of the (R)-enantiomers detected
in rhubarb stalks indicate that this phenomenon may not be
solely due to a minor racemization step in the general (S)-
pathway starting fromL-isoleucine but to a route substantially
differing from our present knowledge. In terms of regulatory
aspects and the categorization of flavor compounds as “natural”
on the basis of enantiodifferentiation, the data presented are to
be considered as important pieces of information enlarging our
knowledge of the naturally occurring enantiomeric ratios of these
important volatiles in food materials.
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(30) Schmarr, H.-G. Beiträge zur On-line LC-GC Kopplung und
modifizierte Cyclodextrine als chirale stationäre Phasen in der
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(32) Hädrich J.; Vogelgesang, J. Konzept 2000- Ein statistischer
Ansatz für die analytische Praxis. Teil 1: Nachweisgrenze,
Erfassungsgrenze und Bestimmungsgrenze (1. Mitteilung).Dtsch.
Lebensm. Rundsch.1999,95, 428-436.
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