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Chirality Recognition in Menthol and Neomenthol: Preference for
Homoconfigurational Aggregation™*

Merwe Albrecht, Jan Will, and Martin A. Suhm*

(—)-L-Menthol is an important flavoring agent, displaying a
strong minty odor as well as a pronounced cooling sensa-
tion.'' A major source for (—)-L-menthol is peppermint oil,
which contains (+)-D-neomenthol as an impurity. These
monoterpene alcohols (C,,H,,0) represent two out of eight
stereoisomeric 5-methyl-2-(1-methylethyl)-cyclohexan-1-ols
that result from permutations at the three stereogenic centers
in the cyclohexane ring.

A comparison of the eight menthol isomers shows that
(—)-menthol (1R,25,5R) has the strongest cooling property
and freshness. (4+)-Menthol and (4)-neomenthol are less
minty and more musty.”) The relationship between structure
and olfaction was analyzed in terms of receptor interaction.!
Structural requirements include a cyclohexane chair confor-
mation with a larger equatorial alkyl group in the 2-position
and a smaller group in the 5-position. Furthermore, an
equatorial hydrogen-bond acceptor is needed, preferably in
the 1-position, and to the right of a virtual observer “sitting in
the chair” with the large alkyl group near his head.”! In
addition to its specific odor, menthol elicits a strong cooling
sensation when applied to skin or mucous membranes;* this
sensation is a result of a rather specific stimulation of the
thermosensitive TRPMS cation channel.®

Menthol has been investigated before by electron dif-
fraction,”) NMR® and IR spectroscopy,’”! and quantum
chemical calculations.”* The electron diffraction results show
no significant amount of a second conformer at 363 K.’ The
NMR study confirms a dominant carbon skeleton confor-
mer™ in solution. Neither of the two methods is sensitive to
the OH group conformation. The only known matrix isolation
study™ did not consider data for the OH stretching vibration.
Existing quantum chemical calculations”®! also did not
investigate the effect of the torsional isomerism of the OH
group.

Molecular recognition in the solid state leads to differ-
ences between enantiomerically pure and racemic samples.
L-Menthol contains columns of winding hydrogen-bonded
chains.'”! Small differences in the TR spectra compared to
those of racemic menthol, and a complex phase behavior as a
function of enantiomeric composition suggest a similar
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structure."! However, enantiopure and racemic menthol
have very different solid-state vapor pressures.'” This differ-
ence, just as the selective olfactory and cold-receptor
response to menthol, indicates strong chirality recognition
and calls for a detailed study of the way in which menthol
enantiomers and diastereoisomers differ in their interaction
with other chiral molecules. As a reference for exact quantum
chemical modeling of this selective interaction, low-temper-
ature gas-phase investigations of selected complexes would be
appropriate.l¥

Herein, we describe the investigation into the enantiomer
recognition in menthol and neomenthol by looking for
spectral differences between the homo- and heteroconfigura-
tional (homo- and heterochiral) dimers generated using
supersonic expansion. This self-recognition! provides the
starting point for a more systematic receptor recognition
study. The absence of a suitable UV chromophore in the
monoterpenes suggests direct absorption IR spectroscopy.
The low vapor pressure requires a heatable nozzle, which we
have recently interfaced with an FTIR spectrometer.['”

The experimental setup, which involves a pulsed 10 x
0.5 mm* double-slit nozzle, is described in the Supporting
Information and elsewhere.'>!*! The gas mixture for the
supersonic expansion was prepared by flowing helium
through a heated sample container filled with either the
enantiomerically pure or racemic compound that was finely
ground and melted (if solid at room temperature) over dried
molecular sieves to maintain a large surface.

The observed FTIR spectra in the OH stretching region of
enantiopure and racemic menthol and neomenthol are shown
in Figure 1 and summarized in Table 1. For menthol, only one
dominant monomer band is observed at ¥ = 3654 cm™, close
to the previous thermally broadened gas phase value (v=
3656 cm ™). Signals from the less abundant monomer
conformations are seen at a lower wavenumber. Two well-
separated dimer donor bands, shifted to even lower wave-
number, were observed in the spectrum of enantiopure
menthol (Figure 1a). The lower frequency signal corresponds
to the dimer with higher abundance. The third band in the
spectrum of the aggregates has a steeper concentration
dependence and is likely to be a trimer (Figure 1e). If one
half of the menthol is replaced by its enantiomer (Figure 1b),
the intensities of the homochiral dimer bands are reduced by
about twofold, as expected for statistical dimerization. The
intensity of the band corresponding to the homochiral trimer
is decreased by a larger factor, as expected. A new band,
corresponding to the heterochiral dimer, emerged between
the two bands of the homochiral dimers. The corresponding
acceptor bands in the dimers close to the monomer band are
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Figure 1. Supersonic expansion FTIR spectra of menthol and neomen-
thol. a) Enantiopure (—)-menthol, b) racemic (£)-menthol, c) enantio-
pure (+)-neomenthol, d) racemic (+)-neomenthol; monomer bands
are marked with M, homochiral and heterochiral dimer bands with
hom and het, a larger homochiral cluster with > D. e) shows part of a
(—)-menthol spectrum at higher concentration as an insert. The
structural inserts represent global minimum structures of menthol (a)
and neomenthol (c) with trans-OH conformation (C gray, H white,

O black). Spectra b—d) are shifted vertically by 0.16, 0.35, and 0.49,
respectively.

Table 1: Band positions for the O—H stretching vibrations determined in the supersonic expansion FTIR
experiment for menthol and neomenthol. Dimer shifts are listed relative to the observed monomer.”!

one represents a heterochiral dimer. For neomenthol, the
opposite situation applies, but in all cases the homochiral
dimers show the largest shifts. The observed chirality effects
in menthol and neomenthol are much larger than those
observed for 2-butanol,™®! the prototypical chiral alcohol.!'”

The monomer bands lie in a typical range for secondary
alcohols (e.g. 2-adamantol), lower than that for a primary
alcohol, and higher than that for a tertiary alcohol; this results
from the electron-donating effects of the alkyl substituents."
The red-shifts of the dimer bands span a range of ¥=125-
161 cm™!, exceeding the range found for other secondary
alcohols. The smallest shifts are more typical for primary
alcohols and indicate competing attractive or repulsive alkyl
interactions that weaken the hydrogen bond. The largest shift
(hom?) is larger than any shift observed thus far for the OH
stretching in alcohol dimers, including nearly all tertiary
alcohols.'*!! Such a large shift can be explained by either a
good fit between the monomers or an isomerization of the
donor OH group in the dimer formation.' Clearly, the
alicyclic substituent serves as a second “functional group” in
these alcohols, and modulates the hydrogen-bond interaction.

An accurate quantum chemical prediction of the shifts for
the OH stretching modes in menthol dimers will require large
basis set frequency calculations at MP2 or CCSD(T) level,
which are beyond the current technical capabilities. We have
carried out exploratory lower level calculations at the HF/6-
21G, B3LYP/6-311 + G*, B97D/TZVP/TZVPFit, and MP2/6-
311 + G* levels of theory using the Gaussian program.['>’!
Results for menthol monomers,
dimers, and trimers and for neo-
menthol monomers are given in the
Supporting Information. HF and

B97D calculations were used to

(M) AP AP AV AP :

(hom1-M)®! (hom2-M)®! (het1-M) (het2-M) search for the most stable dimer

structures. However, the ordering

(7)-menthol 364 e 16l Ny - of the two most stable monomer
(«£)-menthol 3654 (—137) (—161) —150 - ) .

(+)-neomenthol 3655 _154 _ _ _ conformations on the basis of

(£)-neomenthol 3655 (—154) _ 125 144 energy (Table2) is different from

[a] All values given in cm™". The shift of the higher homochiral cluster #(>D-M) is —173 cm™".
[b] Homochiral peaks decrease in intensity upon switching to the racemate, values are given in

parenthesis.

too weak to be observed because of a lack of hydrogen-bond-
induced IR enhancement.

Neomenthol also shows a single band for the OH
stretching mode in the monomer (Figure 1¢). This band
appears at a position similar to that of menthol (v=
3654.5 cm™"), even though the OH group is now in the axial
position.™! In the spectrum of the enantiopure neomenthol, a
single band representing the OH stretching mode in the dimer
is observed (Figure 1c¢); this band is weaker in the spectrum
for racemic neomenthol (Figure 1d). Additionally, two new
dimer bands that are blue-shifted compared to that of the
homochiral dimer are found. For the C—H stretching region,
see Figure S1 in the Supporting Information.

In summary, three bands for the homo- and heterochiral
dimers are observed for both menthol and neomenthol. In
menthol two of the bands represent homochiral dimers and
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; those calculated using the B3LYP
and MP2 methods.

For menthol, the most stable
conformations are computed to
have all substituents in the equato-
rial positions of the cyclohexane ring. Similar to previous
electron diffraction” and NMR studies,®! we find that the
isopropyl group with approximately a 60° H-Cp-C2-H
dihedral angle. Conformations in which the isopropyl group
is in another orientation are at least 4 kJmol™' higher in
energy (B3LYP, including zero-point energy correction; the
four most stable conformers of menthol are shown in
Figure S2 in the Supporting Information). The most stable
conformer, as determined at the B3LYP and MP2 levels of
approximation, has the OH group in a trans position with
respect to the C2—C1 bond. The energy difference between
the most stable conformer and the second most stable
conformer gauche(—) is small (less than 2 kJmol™"). Because
of the small energy barrier for relaxation, the gauche form was
nevertheless not observed in the spectra. The enhanced
stability of the trans conformer may be similar to that of the
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Table 2: Calculated energy difference (AEy; including harmonic zero-
point energy correction) and harmonic wavenumber shift (Aw) of the
gauche(—)-OH conformation in relation to the trans-OH conformation.

Method AE, [k} mol™] Aw [cm™]
menthol HF -0.7 -18

B3LYP 1.3 —-23

MP2 1.9 —-13

B97D —1.8 —22
neomenthol HF 3.7 +19

B3LYP 1.2 +9

MP2 1.5 +12

B97D -1.0 +2

[a] Except for the HF menthol and B97D results, the global minimum
conformation is trans, which is in agreement with experimental evidence
and the robust wavenumber sequence for the most stable conformers.

Gt form of the model compound n-propanol:?!! a weak
hydrogen bond from the y C—H (in this case from the
isopropyl group) to the lone pair of electrons on the oxygen
atom can be formed.

Neomenthol differs in the OH group orientation, which is
now axial instead of equatorial (Figure 1). This orientation, as
given by calculations, places the isopropyl group at a H-Cp-
C2-H dihedral angle of about 180°, which is in agreement with
the NMR study in solution.”®! The most stable OH orientation
is again trans relative to the C2—C1 bond, and the second most
stable is the gauche(—) structure.

In agreement with the experimental findings, the OH
stretching bands for the frans monomer of neomenthol and
menthol coincide in the harmonic approximation (e.g. ¥=
3798 cm™' at MP2/6-311 + G* level). At the B97D level of
approximation, the deviation is largest (6 cm™"). Calculations
in the absence of the iPr group confirm that the OH stretching
band for the trans conformer is not very sensitive to the
position (axial/equatorial) of the OH group. In contrast to
menthol, the OH stretching band of the second most stable
gauche(—) conformer of neomenthol is expected to be blue-
shifted (Table 2). Therefore, the gauche isomers of both
menthol and neomenthol are predicted to be separated by at
least #=25cm™' at all investigated levels of theory. The
combined study of the spectra for both menthol and neo-
menthol monomers clearly supports the assignment of a trans-
OH group in both cases. Furthermore, it shows that the
relative energies predicted at B97D level of approximation
are qualitatively wrong. The ability of IR spectroscopy to
clearly distinguish between rotational isomers around the
C—O bond is confirmed to be superior to using NMR and
electron diffraction methods.

Compared to the straightforward modeling of the mono-
mer, a quantum chemical description of the hydrogen-bonded
dimers is more challenging. Both stable OH conformations
(trans and gauche(—)) of the monomer have to be considered
in the dimer because the low-energy barrier might be
overcome for a more stable dimer orientation as seen in
smaller alcohol dimers.”!! Furthermore, dispersion interac-
tions are expected to play an essential role in determining the
preferred structures by rotation around the hydrogen-bond
axis, but the hydrogen bond itself is still responsible for a
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major fraction of the cohesion energy. The calculations at the
B97D level of approximation (see the Supporting Informa-
tion) indicate that there are more stable homochiral dimers
than heterochiral dimers. Their stability and stretching
frequency for the donor OH group is strongly influenced by
the interplay between hydrogen bonding and London dis-
persion forces. Although this result is in qualitative agreement
with experimental data, dispersion-corrected hybrid density
functionals or complete basis set extrapolations at the MP2/
CCSD(T) level of approximation would be helpful. The B97D
results suffer from the prediction of the wrong monomer
sequence and a drastic overestimation of the hydrogen-bond
shifts.

The band red-shifted by # = 173 cm ' is accounted for by a
C;-symmetric homochiral trimer (see Figure S8 in the Sup-
porting Information). Its dissociation energy, D,, relative to
three trans monomers is 94 kJmol ™' (B97D) and 56 kJmol ™!
(B3LYP) which is between two and three times the dimer
dissociation energy. Steric demands do not impede the
formation of ring clusters, in fact a comparison of the
B3LYP and B97D structures (see Figure S8 in the Supporting
Information) shows an attractive contribution from the
dispersion forces. The predicted red-shift (9% larger than
the strongest dimer red-shift at B97D level) of the doubly
degenerate IR active band relative to the trans monomer is in
agreement with the experimental value (7 % ). Therefore, the
band at ¥ = 3481 cm ' in the spectrum of enantiopure menthol
is assigned to a homochiral Cs;-symmetric trimer. The hetero-
chiral trimer was not observed, likely a result of either the
greater structural and spectral diversity or a less favorable
packing of the configurationally heterogeneous alkyl groups.

The latter also seems to be the case for the bulk crystal,
which has a substantially higher vapor pressure in the racemic
case than in the enantiopure case, at least at low temper-
atures.'”) We have reinvestigated this finding, and the relative
vapor pressures were determined using a quadrupole mass
spectrometer, which is described in more detail elsewhere!
and in the Supporting Information. For enantiopure menthol,
the measured vapor pressure curve between 273 and 293 K is
consistent with a sublimation enthalpy of (95+2) kJmol ™!,
which is in agreement with a previous study.'>*! The racemic
sample has almost twice (1.9 +0.2 times) the amount of the
enantiopure vapor pressure between 273 and 283 K. A
doubling of the vapor pressure would be consistent with
conglomerate formation. However, at 293K the vapor
pressure ratio between the racemic and enantiopure forms
drops to 1.5+£0.2, a value that is closer to the well-studied
case of trifluoromethyl lactic acid.?? This result is indicative
of a phase change in the racemate, consistent with earlier
observations of complex phase diagrams of menthol.'!) After
a long storage period, a less volatile racemic phase is
occasionally observed over an extended temperature range,
whereas the vapor pressure of the enantiopure form remains
stable. Construction of the sublimation phase diagram! is
nontrivial because of the existence of several polymorphs and
mutual solid-phase solubility."! We plan to study this
interesting chirality dependent sublimation behavior through
a combination of systematic vapor pressure studies and
infrared microscopy. There is a potential for spontaneous low
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temperature racemate separation by using enantiopure seed
crystals, as proposed in reference [12].

In summary, menthol can be prepared in a single OH
monomer conformation and shows a marked chirality dis-
crimination behavior upon self-aggregation. Two homochiral
dimers are detected by supersonic expansion FTIR spectros-
copy, the more abundant one featuring a record value for the
hydrogen-bond-induced red-shift of the OH stretching band
for a secondary alcohol dimer. The cyclic homochiral trimer
shows a single IR-active band. In contrast, only a single
heterochiral dimer and no specific heterochiral trimer were
found. This microscopic homochiral binding preference is also
reflected in a reduced vapor pressure of the enantiopure
crystals, in particular at low temperature. An inversion at the
asymmetric carbon center carrying the OH group (neomen-
thol) helps in assigning the monomer conformations and leads
to a rather different molecular recognition pattern. Only a
single homochiral dimer is now formed, whereas two more
weakly bound heterochiral dimers are observed for the
racemic sample. These strong chirality recognition phenom-
ena at the level of self-aggregation are in line with the
pronounced chirality recognition and diastereoselectivity of
the organoleptic receptor response for menthol.>* Therefore,
we plan to extend our studies to molecular complexes
mimicking possible receptor—substrate interactions. Further-
more, the spectroscopic findings invite high-level quantum
chemical modeling. A quantum chemical approach which is
able to describe the stability and red-shift trends for the
hydrogen-bonded clusters found in this work has better
prospects of explaining menthol receptor action from first
principles.”!
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