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Mentha × piperita shoot tips and first leaf pairs were fed with aqueous solutions of different
deuterium-labeled pulegone and various enantiomeric distributions. The essential oil was extracted
by solid-phase microextraction and analyzed using enantioselective multidimensional gas chroma-
tography/mass spectrometry. The genuine p-menthan-3-ones (-)-menthone and (+)-isomenthone
as well as their labeled analogues were analyzed simultaneously. Both enantiomers of labeled
pulegone were converted into the corresponding labeled p-menthan-3-ones by Mentha × piperita,
indicating an unspecific reduction process. The generation of 4S- and 4R-configured p-menthan-3-
ones differed in their stereoselectivities. Labeled (S)-pulegone was reduced by Mentha × piperita
more rapidly rather than (R)-pulegone. From a comparison of labeled pulegone enantiomers the
bioconversion preferrably led to 4S-configured diastereomers.
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INTRODUCTION

Peppermint oil is produced by steam distillation of
the flowering herb Mentha piperita L. It is mainly used
for flavoring oral hygiene products, for example, tooth-
paste, and chewing gum (Bauer et al., 1997). Besides
the genetic influence, the oil composition changes during
plant development (Kokkini, 1991). Furthermore, effects
of light and temperature on the composition of pep-
permint oil have been observed (Burbott and Loomis,
1967; Clark and Menary, 1980).

In 1958 Reitsema proposed, on the basis of the
chemical structures of the monoterpenes, that pulegone
may be converted to menthone in peppermint type
mints. Several in vitro and in vivo experiments gave
evidence for this hypothesis (Battaille and Loomis, 1961;
Aviv and Galun, 1978; Murray et al., 1980; Croteau and
Venkatachalam, 1986; Park et al., 1993). Genetic as-
pects on the conversion of pulegone to menthone were
also investigated (Lincoln and Murray, 1978; Croteau
and Gershenzon, 1994). Due to the biosynthetic conver-
sion of pulegone into menthone and isomenthone, the
optical purity of menthone and isomenthone can be used
as an indicator of the natural origin of peppermint oil
(Kreis et al., 1990; Askari et al., 1992).

This paper deals with in vivo feeding experiments of
deuterium-labeled pulegone enantiomers using intact
plant material of Mentha × piperita. The essential oil
of each single shoot tip and first leaf pair is analyzed
by solid-phase microextraction (SPME) and enantiose-
lective multidimensional gas chromatography/mass spec-
trometry (enantio-MDGC/MS). In this way genuine and
labeled monoterpenes are detectable simultaneously.

MATERIALS AND METHODS
Syntheses of Deuterium-Labeled Precursors and Ref-

erence Compounds. The syntheses are described as part 1
of this publication series; abbreviations of compounds inves-
tigated are identical with those of the earlier paper (Fuchs et
al., 1999).

Plant Material. Cuttings from Mentha × piperita were
kindly provided from the Botanical Garden of Frankfurt
University. The plants used for the experiments were 12-15
cm high with six to seven leaf pairs.

Feeding Experiments. The deuterium-labeled pulegone
was dissolved in distilled (two times) water containing 0.1 mg/
mL Tween 20 to get a solution that was 0.1 mg/mL in the
monoterpene. Solutions with the two d8-pulegone enantiomers
7 and 8 were prepared by mixing both in different ratios. The
shoot tip and first leaf pair were cut off and put into the feeding
solutions. In any case, a blank experiment was carried out with
distilled (two times) water containing 0.1 mg/mL Tween 20.
After 24-29 h, the shoot tip and first leaf pair were removed
from the solution and the essential oil evaporating from the
glandular trichomes was analyzed using SPME.

SPME. The shoot tip and first leaf pair of an actively
growing plant were set into a 2 mL vial and equilibrated there
for 1 h at room temperature. An SPME fiber, coated with a
100 µm film of poly(dimethylsiloxane), installed in an SPME
fiber holder for manual use (both Supelco, Munich, Germany)
was used for the headspace sampling (7 min).

Enantio-MDGC. The enantiomeric distribution of the d8-
pulegone feeding solution was checked with MDGC by a
Siemens SiChromat 2 - 8, equipped with two independent
ovens and a live-T-switching device. Conditions were as
follows: precolumn, fused silica capillary (30 m × 0.25 mm
i.d.) coated with PS 268 (film thickness ) 0.38 µm); carrier
gas, hydrogen at 150 kPa; split, 30 mL/min; injector temper-
ature, 260 °C; detector, FID, 280 °C; oven temperature, 50 °C
(5 min isothermal), raised at 3 °C/min to 200 °C, cut time
27000-28000 min; main column, fused silica capillary (30 m
× 0.32 mm i.d.) coated with 30% heptakis(2,3-di-O-methyl-6-
O-tert-butyldimethylsilyl)-â-cyclodextrin in SE 52 (film thick-
ness ) 0.64 µm); carrier gas, hydrogen at 70 kPa; oven
temperature, 80 °C (5 min isothermal) raised at 1 °C/min to
135 °C; detector, FID, 280 °C.

Enantio-MDGC/MS. The same system as previously re-
ported was employed (Fuchs et al., 1999).

RESULTS AND DISCUSSION

Feeding experiments with aqueous solutions of deu-
terium-labeled monoterpenes have become a very useful
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method for in vivo studies of biogenesis. Using the
SPME technique and analysis of the headspace extract
by enantio-MDGC/MS, the evaluation of the stereo-
chemical pathways during bioconversion reactions was
successfully carried out (Wüst et al., 1996, 1998).

The biogenesis of the monoterepenes menthone and
isomenthone in Mentha was investigated by incubation
of leaf disks, cell-free systems, and cell lines of Mentha
with pulegone, as reported in earlier literature (Battaile
et al., 1961; Aviv and Galun, 1978; Croteau and Ven-
katachalam, 1986; Park et al., 1993). Both qualitative
and quantitative differences were reported. Whereas
Croteau and Venkatachalam found menthone the domi-
nant product, Battaile et al. as well as Park et al.
reported isomenthone as the preponderant monoterpe-
noid ketone. Only Aviv and Galun detected no men-
thone. Exept for Battaile and co-workers, all authors
reported on the administeration of (R)-pulegone. Bat-
taile et al. used labeled pulegone biosynthesized by
Mentha pulegium L. Therefore, it is most conceivable
that (R)-pulegone was administered. On the other hand,
after incubation with nongenuine (S)-pulegone, no
biotransformation was observed (Aviv et al., 1981).This
paper reports on the conversion of deuterium-labeled
pulegone enantiomers into the corresponding deuterated
p-menthan-3-ones in Mentha × piperita using feeding
experiments with single shoot tip and first leaf pair and
subsequently enantio-MDGC/MS analysis of SPME
headspace extracts. A typical precolumn chromatogram
of Mentha × piperita is shown in Figure 3. In Figure 4
are shown main column chromatograms of feeding
experiments with d8-pulegone.

After feeding experiments with d8-(R)-pulegone (7),
the genuine (1R)-p-menthan-3-ones (-)-menthone (2),
(+)-isomenthone (3), and the analogous deuterium-
labeled compounds d8-(-)-menthone (10) and d8-(+)-
isomethone (11) were detected. Note that the sign of the
optical rotation of the labeled menthone and isomen-
thone was not determined, because the rotatory contri-
bution of the deuterated carbon to the magnitude and
sign of the D-line rotation is assumed to be negligibly
small (Verbit, 1970). Mean values indicated that incu-
bation afforded more d8-(-)-menthone (10) than d8-(+)-

Figure 1. Stereoisomers of (deuterium-labeled) menthone and
isomenthone enantiomers. The natural enantiomers of Mentha
× piperita (-)-menthone (2) and (+)-isomenthone (3) are
boxed.

Figure 2. Stereoisomers of (deuterium-labeled) pulegone
enantiomers. The natural enantiomer of Mentha × piperita
(R)-pulegone (5) is boxed.

Figure 3. Enantio-MDGC/MS analysis of a headspace extract
of Mentha × piperita (precolumn chromatogram).
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isomenthone (11), although there was a range in the
ratio of 10/11 from 0.8 to 2.7. Furthermore, it was
proved that there was a correlation between the genuine
(-)-menthone to (+)-isomenthone ratio (2:3) and the
ratio of the d8-analogues (10/11).

The results of feeding experiments with d8-(R)-pule-
gone 7, in which the ratio of genuine (-)-menthone/(+)-
isomenthone 2/3 is high, were in agreement with the
findings of Croteau and Venkatachalam. On the other
hand, the results of the feeding experiments, in which
the ratio 2/3 was low, were in agreement with the
findings of Battaile et al. and Park et al. The results of
all our feeding experiments with d8-(R)-pulegone (7)
were different from the results of Aviv and Galun,
because in all our experiments deuterium-labeled (-)-
menthone (10 and 21, respectively) was detected. In
none of the previous work had the simultaneous enan-
tioselective analysis of genuine p-menthan-3-ones and
the labeled p-menthan-3-ones, caused by administered
pulegone precursors, been done. Therefore, no correla-
tion between the genuine p-menthan-3-ones and the de
novo biosynthesized p-menthan-3-ones could be drawn.

After feeding a racemic mixture of d8-pulegone, the
deuterium-labeled p-menthan-3-ones 9-12 were de-
tected. 1S-configured d8-(+)-menthone (9) and d8-(-)-
isomethone (12) were detected after feeding with d8-(S)-
pulegone (8). The data obtained from the feeding
experiments with Mentha × piperita, when d8-pulegone
was administered, are summarized in Table 1.

In Figure 5 the main column chromatogramm of a
feeding experiment in which racemic d5-pulegone (19)
was administered is given. The deuterium-labeled p-men-
than-3-ones 20-23 were detected. The data obtained

from the feeding experiments with Mentha × piperita,
when d5-pulegone was administered, are summarized
in Table 2.

In Mentha × piperita exclusively 1R-configured (-)-
menthone (2) and (+)-isomenthone (3) were identified;
1S-configured (+)-menthone (1) and (-)-isomenthone (4)
remained undetectable. This is in agreement with
previous investigations (Askari et al., 1992). In all
experiments the genuine diastereomers (-)-menthone

Figure 4. Enantio-MDGC/MS analysis of headspace extracts
of Mentha × piperita fed with d8-(R)-pulegone (7) (at the top),
with a racemic mixture of d8-pulegone (7, 8) (middle) and with
d8-(S)-pulegone (8) (at the bottom) (main column chromato-
gram).

Table 1. Data Obtained from Mentha × piperita Feeding
Experiments with d8-Pulegone Enantiomersa

p-menthan-3-ones
ratio (%)

labeled p-menthan-
3-ones ratio (%)terpene

administered 1 2 3 4 9 10 11 12

7 nd 80 20 nd nd 67 33 nd
nd 81 19 nd nd 55 45 nd
nd 79 21 nd nd 73 27 nd
nd 69 31 nd nd 54 46 nd
nd 60 40 nd nd 45 54 nd
nd 57 43 nd nd 45 55 nd
nd 67 33 nd nd 49 51 nd
nd 62 38 nd nd 50 50 nd

7/8 (3:1) nd 84 16 nd 9 34 23 35
nd 69 31 nd 16 18 38 28
nd 54 46 nd 12 19 33 36
nd 75 25 nd 8 23 15 54
nd 42 58 nd 9 5 17 69

7/8 (1:1) nd 80 20 nd 14 29 10 47
nd 86 14 nd 8 24 9 59
nd 71 29 nd 21 10 16 53
nd 87 13 nd 18 26 19 37
nd 53 47 nd 23 8 36 33
nd 31 69 nd 27 9 38 26
nd 70 30 nd 21 8 31 40
nd 76 24 nd 23 13 30 34
nd 53 47 nd 26 16 29 30
nd 73 27 nd 23 19 20 38
nd tr tr nd 22 6 33 40
nd 21 79 nd 21 3 29 47
nd 34 66 nd 27 11 37 25

8/7 (3:1) nd 48 52 nd 31 3 10 57
nd 80 20 nd 29 7 7 57
nd 88 12 nd 20 6 2 71
nd 51 49 nd 22 1 9 68
nd 46 54 nd 21 3 8 68

8 nd 92 8 nd 32 nd nd 68
nd 92 8 nd 35 nd nd 65
nd 92 8 nd 32 nd nd 68
nd 96 4 nd 18 nd nd 82
nd 68 32 nd 39 nd nd 61
nd 45 55 nd 42 nd nd 58
nd 77 23 nd 44 nd nd 56

a Accuracy ( 1%; nd, not detectable; tr, traces.

Figure 5. Enantio-MDGC/MS analysis of a headspace extract
of Mentha × piperita fed with racemic d5-pulegone (19) (main
column chromatogram).
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(2) and (+)-isomenthone (3) occurred in the range of 3:1,
but there was much variety; the minimum ratio was 0.3:
1, the maximum ratio 26:1. Thus far, it was not
surprising that the ratios of the deuterated p-menthan-
3-one analogues were varying considerably.

It has been found that two p-menthenone-∆4,8-reduc-
tases exist, one responsible for the reduction of (R)-
pulegone (5) to (-)-menthone (2) and the other enzyme
responsible for the formation of (+)-isomenthone (3)
from (R)-pulegone (5). Different combination of the
alleles, which induce the exprimation of these reduc-
tases, were thought to be responsible for the variability
of the (-)-menthone/(+)-isomenthone (2/3) ratio in Men-
tha essential oils (Croteau and Gershenzon, 1994). In
our investigations we used cuttings exclusively from one
parent plant, so there could be no genetic differences.
A possibility for the observed variability of the (-)-
menthone/(+)-isomenthone ratio 2:3 may be due to the
analysis of single cuttings, the young leaf age, or their
different stages of plant development.

The results from the feeding experiments in which
d8-pulegone (7, 8) or d5-pulegone (19a, 19b) were fed
are comparable. This makes evident that the diastere-
omeric ratios of the deuterium-labeled p-menthan-3-
ones remain unaffected by the position of the deuterium
marker in the molecule. Furthermore, no effect due to
the small differences in the deuterium labeling rate of
the d8-pulegone enantiomers was observed.

If enantiopure deuterium-labeled pulegone (R)-d8-
pulegone (7) or (S)-d8-pulegone (8) (R > 98%, S > 98%,
proved by enantio-MDGC) was fed alternatively, only
the two p-menthan-3-one diastereomers, corresponding
to the symmetry of C-1 of the precursor, were generated;
these were 1R-configured d8-(-)-menthone (10) and d8-
(+)-isomenthone (11) by feeding (R)-d8-pulegone (7) and
1S-configured d8-(+)-menthone (9) and d8-(-)-isomen-
thone (12) by feeding (S)-d8-pulegone (8). Using mix-
tures of d8- and d5-pulegone enantiomers 7 (19a) and 8
(19b), all four conceivable deutero p-menthan-3-one
stereoisomers were detected. In this case, the deutero
pulegone enantiomers 7 (19a) and 8 (19b) were in
competition, so it is possible to check whether there was
enantiodiscrimination.

Only in feeding experiments with enantiopure d8-
pulegone could the diastereomeric ratio d8-(4S)-p-men-
than-3-one (10)/d8-(4R)-p-menthan-3-one (11) be com-

pared with the genuine ratio (4S)-p-menthan-3-one (2)/
(4R)-p-menthan-3-one (3), because the conversion is not
affected by enantiodiscrimination. The diastereomeric
ratios (4S)-d8-(-)-menthone/(4R)-d8-(+)-isomenthone 10/
11 [feeding (R)-d8-pulegone (7)] and (4S)-d8-(-)-iso-
menthone/(4R)-d8-(+)-menthone 12/9 [feeding (S)-d8-
pulegone (8)] corresponded with the genuine ratio (4S)-
(-)-menthone/(4R)-(+)-isomenthone 2:3 but were mostly
a little bit lower than the genuine ratios.

Exclusively in feeding experiments with both deutero
pulegone enantiomers the bioconversion can be checked
for an enantiodiscrimination with regard to the absolute
configuration in the C-4 position leading to the (4R)-
and (4S)-p-menthan-3-ones. Therefore, the diastereo-
meric ratio of the deuterium-labeled analogue of genuine
(1R,4S)-(-)-menthone (2) to the deuterium-labeled ana-
logue of the nongenuine (1S,4S)-(-)-isomenthone (4) as
well as the ratio of the deuterium-labeled analogues of
genuine (1R,4R)-(+)-isomenthone (3) to the deuterium-
labeled analogues of nongenuine (1S,4R)-(+)-menthone
(1) was determined. The diastereomeric ratios (1R,4S)-
d8(d5)-(-)-menthone to (1S,4S)-d8(d5)-(-)-isomenthone
10/12 (21/23) and (1R,4R)-d8(d5)-(+)-isomenthone/(1S,4R)-
d8(d5)-(+)-menthone 11/9 (22/20) were compared with
the enantiomeric ratios of d8(d5)-(1R)-pulegone/d8(d5)-
(1S)-pulegone 7/8 (19a/19b) of the feeding solutions. It
was found that the ratio (1R,4R)-d8(d5)-(+)-isomen-
thone/(1S,4R)-d8(d5)-(+)-menthone 11/9 (22/20) was
roughly the same as the ratio d8(d5)-(1R)-pulegone/d8-
(d5)-(1S)-pulegone 7/8 (19a/19b), but the ratio (1R,4S)-
d8(d5)-(-)-menthone/(1S,4S)-d8(d5)-(-)-isomenthone 10/
12 (21/23) is almost smaller than the ratio d8(d5)-(1R)-
pulegone/d8(d5)-(1S)-pulegone 7/8 (19a/19b). This indica-
ted that there was no enantioselectivity in the reduction
generating the (4R)-p-menthan-3-ones, but a discrimi-
nation against d8(d5)-(R)-pulegone 7 (19a), the deute-
rium analogues of the genuine (R)-pulegone, favoring
the generation of the (4S)-p-menthan-3-ones.

Finally, it was remarkable that normally the most
abundant p-menthan-3-one was d8(d5)-(-)-isomenthone
12 (23), the deuterium-labeled analogues of the non-
genuine 1S,4S-configured (-)-isomenthone (4).

All of the results obtained from the feeding experi-
ments unambiguously prove that the bioconversion of
pulegone to the corresponding p-menthan-3-ones is not
very specific, because both deutero pulegone enanti-
omers 7 and 8 (19a and 19b) will be converted.
Furthermore, in the bioconversion generating the deu-
terium-labeled (4S)-p-menthan-3-ones, the deuterium-
labeled analogues of the nongenuine (S)-pulegone were
preferred (Scheme 1).

The 1S-configured cis-p-menthan-3-ones 12 (23) were
detected as the most abundant stereoisomers after
administration of all the mixtures used. Consequently,
1S-configured pulegones 8 (19b) were preferably con-
verted in Mentha × piperita.

CONCLUSIONS

Mentha × piperita was able to convert both enanti-
omers of the deuterium-labeled precursor pulegone into
menthone and isomenthone, as conclusively demon-
strated by feeding experiments. In view of earlier
literature the obtained results on the bioconversion of
pulegone to menthone and isomenthone in Mentha ×
piperita were rather unexpected. It was surprising that
the deuterium-labeled analogue of (S)-pulegone, which
does not occur in Mentha species, was preferably

Table 2. Data Obtained from Mentha × piperita Feeding
Experiments with d5-Pulegone Enantiomersa

p-menthan-3-ones
ratio (%)

labeled p-menthan-
3-ones ratio (%)terpene

administered 1 2 3 4 20 21 22 23

19a/19b (3:1) nd 60 40 nd 14 15 45 25
nd 64 36 nd 16 16 28 40
nd 34 66 nd 15 9 30 45
nd 22 78 nd 9 2 42 47
nd 32 67 nd 13 9 34 44

19 nd 31 67 nd 27 7 23 43
nd 70 30 nd 25 14 17 45
nd 64 36 nd 22 13 15 49
nd 75 25 nd 20 13 10 57
nd 68 32 nd 27 11 21 41

19b/19a (9:1) nd 77 23 nd 24 1 1 74
nd 75 25 nd 30 2 1 67
nd 63 37 nd 21 1 1 76
nd 71 29 nd 26 2 2 71
nd 57 43 nd 23 1 1 75

a Accuracy ( 1%; nd, not detectable.
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converted and not the deuterium-labeled analogue of the
genuine (R)-pulegone when Mentha × piperita was
administered with both enantiomers of pulegone. Fur-
thermore, in the generation of the deutero (4S)-p-
menthan-3-ones a discrimination against the deuterium-
labeled (R)-pulegone was observed, whereas there was
no stereoselectivity in the formation of the deutero (4R)-
p-menthan-3-ones.
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Scheme 1. Proposed Pathway for the Conversion of
Pulegone Enantiomers to Menthone and Isomenthone

3062 J. Agric. Food Chem., Vol. 47, No. 8, 1999 Fuchs et al.


