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Structural Determination of Menthol and Isomenthol, a Minty Compound and Its Nonminty
Isomer, by Means of Gas Electron Diffraction Augmented by Theoretical Calculations
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The molecular structures of menthol and isomenthol were determined by means of gas electron diffraction.
The nozzle temperatures were 90 and 137°C, for menthol and isomenthol, respectively. The results of
RHF and DFT calculations were used as supporting information. FTIR spectra were measured and used to
refine the theoretical force constants. It was found that the electron diffraction data of menthol can be reproduced
by assuming essentially one conformer in which all the substituents of the cyclohexane ring, isopropyl, methyl,
and hydroxyl groups are in the equatorial position. On the other hand, isomenthol has two stable conformers
in the gas phase with comparable abundance. One conformer has its isopropyl and hydroxyl groups in the
equatorial position, and the other conformer has them in the axial position. The abundance of the former is
63 + 30% and that of the latter is 37%. The determined structural paramejensdJ,) of menthol are as
follows: [(C—C)= 1.534(2) A,r(C—0) = 1.408(10) A1(C—H)[= 1.117(3) A[TC—C—Ciing= 112.2(5},
[MC—C—Cexd = 111.6(6¥, IC—C—O[= 110.0(11y, MIC—C—HI= 109.2(11}, ¢ = 57(7¥. Angle brackets

denote average values; parenthesized values are the estimated limits of@rrefging to the last significant

digit. Angles C-C—Cqy, are the C-C—C angles other than the six—C angles in the cyclohexane ring.
Angle ¢ is the torsional angle around the_G—Ciing bond. Those of the main conformer of isomenthol
whose isopropyl and hydroxyl groups are in the equatorial position are as foll@{@:C)= 1.538(1) A,

r(C—0) = 1.427(13) A,[(C—H)[= 1.112(3) A, C—C—Ciing[= 112.6(25}, M C—C—Cexd = 111.5(97,
MIC—C—00= 109.0(17), MIC—C—HO= 108.9(15}, ¢ = —63(17¥. The relationships between the minty

odor and conformations are briefly discussed.

Introduction by gas electron diffraction supported by ab initio and DFT

] ) ) ) calculations and infrared spectroscopy.
As the first targets of our new project, electron diffraction

studies of odorous molecules, menthol (Figure 1) and one of Experimental Section
its isomers, isomenthol (Figure 2), have been chosen. This The samples of (1R,2S,5R}—)-menthol and (1S,2R,5R)
project is on the line of our recent theme, structural and (+)-isomenthol with purity of 99% were purchased from Aldrich
conformational investigation of bioactive compounds, the first Chemical Co. and were used without further purification.
target of which was nicotineDespite the structural resemblance Electron diffraction patterns were recorded on 8 in.8 in.
between menthol and isomenthol, the former has the odor of Kodak projector slide plates with an apparatus equipped with
mint and the latter has quite a different one. The relationship anr3—sector’ The camera distance was about 244 mm to cover
between the molecular structure and the minty odor has beenthe s-range sufficient for the molecule of this size. To generate
studied extensively for various compounds including menthol enough sample pressure, a nozzle that can heat the sample up
and isomenthol by Chastrette and Rafl@their investigations  to about 200°C (ref 5) was used. The accelerating voltage of
were not based on the experimentally determined structures andncident electrons was about 37 kV. Other experimental condi-
conformational properties but on the computationally obtained tions are summarized in Table 1. The photographic plates were
ones by using molecular mechanics method with the Sybyl developed for 4.5 min in a Dektol developer diluted 1:1. The
force field. No experimental molecular structure of menthol is photometry process was described in details elsewh&he
available except for that determined by Bombicz et al. by means molecular scattering intensityl(s) was calculated abl(s) =
of single-crystal X-ray diffractiot.On the other hand, it has  (I+(s) — 1s(5))/Is(S). The experimental intensities and back-
been becoming practical to apply gas electron diffraction method grounds are available as Supporting Information (Table S1).
aided by today’s sophisticated theoretical calculations to rather The electron wavelength was calibrated torth@C=S) distance
complicated molecules, such as some mesogé@mpared of CS (1.5570 A8
with the mesogens MBBA and PAA> which had been Elastic atomic scattering factors were calculated as described
investigated successfully by means of gas electron diffraction, in ref 9, and inelastic ones were taken from ref 10. The
it can be said that investigations of menthol and isomenthol experimental molecular scattering intensities are shown in Figure
are well within our reach. In this study, the geometrical 3 with the final calculated ones. A diagonal weight matrix was
structures and conformational properties have been determinecdused in the least-squares analysis on the molecular scattering
intensities. The weight function was set to unity in the medium
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(-)-Menthol

eq-1 eq-2 eq-3

Figure 1. Molecular models and atom numbering for some possible conformers of menthol. Aisglee dihedral angle £-C,—Cs—Co. Newman
projections are viewed from the direction of @ C,.

(+)-Isomenthol

eq—1, ax-1 eq-2, ax-2 eq-3, ax-3

Figure 2. Molecular models and atom numbering for some possible conformers of isomenthol. Argkhe dihedral angle £ C,—Cs—Co.
Newman projections are viewed from the direction @ft€ Cs.

TABLE 1: Experimental Conditions for Gas Electron

Gas-phase FTIR spectra of menthol and isomenthol were Diffraction Experiments of Menthol and Isomenthol

measured at room temperature on a Bomem DA3.16 spectrom

eter with a resolution of 0.5 cm. An absorption cell with a menthol  isomenthol
path length of 10 m was used. The sample pressures were 150 camera distance/mm 244.3 244.2
and 75 mTorr for menthol and isomenthol, respectively. The nozzle temperature/KA 363 410
obtained spectra are shown in Supporting Information. Observed 3:?5;:?;3’;’;}’5{?29;22 & factor/% O(-)ng% %%63334
frequenc_|es for both molecules are available as Supporting background pressure during exposure/4.6—4.8 5459
Information (Table S3). 106 Torr

beam current/A 1.7 1.2
Theoretical Calculations exposure time/s 6384 72-90

number of plates used 4 4

Possible ConformersWhen the cyclohexane ring of menthol ~ fange ofsvalue/A™ 5.1-33.8 45338

takes a chair form, all the substituents (isopropyl, methyl, and
hydroxyl groups) will take the equatorial or axial positions lower energy than that of the latt&rThis was confirmed by a
simultaneously, and it is expected that the former has a muchpreliminary ab initio calculation in which the RHF/6-31G*
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T T T T T T TABLE 2: Relative Energies and Estimated Abundance for
(a) the Possible Conformers of Menthol and Isomenthol
Menthol Obtained from the RHF/6-31G* ab Initio Calculations (in

10 T kcal mol~t and %)
conformer3 AEP abundance AEd abundance

0.5 f\ﬁ%
<)
0.0 AN fﬁi VAN el 0.00 72.2 0.00 49.9
M Weowd eq2 0.76 25.2 0.75 19.9
eq3 2.40 2.6 2.40 2.6

7 ax1 3.36 0.8
ax-2 3.61 0.6

AsM (s) 4 ax-3 0.53 26.0
boat 4.39 0.2

aSee Figures 1 and 2 for the definitions of the conformieAgsolute
value of the energy for theeql conformer is —465.194636:.
¢ Estimated from the\E assuming the temperature of 363%Absolute
value of the energy for theeql conformer is —465.19087&:.
¢ Estimated from theAE assuming the temperature of 410 K.

sM (s) menthol isomenthol

-0.5

-1.0

Isomenthol

WY
MR

-1.0 -

in order to choose the conformers to be assumed in the analyses
of the electron diffraction data. The method and basis set used
were RHF/6-31G*, and the program GAUSSIAN'®®was used.
The obtained relative energies are listed in Table 2. As shown
in this table, theeq1 andeqg2 conformers of menthol have
significantly lower energies than tleer3 conformer, and hence,
the e¢3 of menthol was excluded from the further analysis.
5 10 15 20 25 30 On the other hand, thex-3 conformer of isomenthol has energy
s/A™? comparable with those @1 andeg2 conformers. Therefore,
Figure 3. Experimenta| (Open Circ|e5) and theoretical (SOlld Curves) these three COﬂfOI’meI’S were inC|uded intO the further ana|ySiS.
molecular scattering intensities of (a) menthol and (b) isomenthol;  DFT Calculations. According to the above-mentioned results,
AsM(s) = sM(s)°* — sM(s)°®". The theoretical curves were calculated  the geometries of thegq-1 andeq2 conformers of menthol and
from the best-fit parameters. theeq1, eq2, andax-3 conformers of isomenthol were further
optimized by using the B3LYP,DFT method with a 6-31G*

energy of the all-axial form of the menthol is a few kcal Mol p5is set in order to obtain more reliable structural parameters.

higher than that of the all-equatorial fprm. Therefore, it Was Tne results of the calculations are listed in Table 3. The
concluded to assume that all the substituents of menthol are iny;prational calculations for these conformers were also carried

the equ_atorial positioAand hence, only the internal rotations 4t with the same method and basis set.
of the isopropyl and hydroxyl groups are left as sources of
structural flexibility. However, the internal rotation of the
hydroxyl group virtually changes the position of the only one
hydrogen atom (kt in Figure 1), and no significant difference Normal Vibration Analysis. The Cartesian force constants
in the electron diffraction data is expected by this change. So, of menthol and isomenthol by the B3LYP/6-31G* calculations
it was assumed that the-@H bond takes the trans orientation were transformed into the internal force constafijtsAs the
to the G—Cs bond, which is bonded to the isopropyl group ea1 conformer was predicted to be the most abundant by the
(see Figure 1), and that only the internal rotation of the isopropyl theoretical calculations for the both compourfgls, for theeqg1
group causes the conformational change. The possible conformwere modified by the scaling method so as to reproduce the
ers of menthol are labeled ast1, eq2, andeq-3 according to experimental vibrational wavenumbers of the FTIR spectra. The
the three possible orientations of the isopropyl group as linear scaling formulk fj(scaled)= (ci;)V;j(unscaled) was
illustrated in Figure 1. used wherec; is a scale factor. The definitions of internal

In contrast to menthol, isomenthol has the three substituentscoordinates with the resultant scale factors are listed in Table
oriented differently and there are two possible ring conforma- S2 of Supporting Information. The calculated vibrational
tions. In one form, the isopropyl and hydroxyl groups take the wavenumbers and scaled force constants are listed in Tables
equatorial position and the methyl group takes the axial position. S3 and S4 of Supporting Information, respectively.
In another form, i.e., when the ring is inverted from the first Analysis of Electron Diffraction Data. As menthol and
position, only the methyl group takes the equatorial position. isomenthol consist of only four types of single bond;-C,
These two ring conformations are labeleq and ax, respec- C—0, C—H, and O-H, and all the bond angles are close to the
tively, according to the position of the isopropyl group. As in tetrahedral angle, it is easily understood that the radial distribu-
the case of menthol, these forms are further classified by the tions of these compounds will show the limited number of peaks
orientation of the isopropyl group such ag1, ax-3, and so with each of which being contributed by many unequal atomic
on, as illustrated in Figure 2. If the cyclohexane ring of pairs. Therefore, the differences between the following structural
isomenthol takes the boat form, it is tentatively possible for all parameters were fixed at their BSLYP/6-31G* values in order
the substituents to take the equatorial position. However, ato reduce the number of adjustable parameters: (1) th€ C
preliminary RHF calculation revealed that this boat conformer bond lengths, (2) the six €C—C angles of the cyclohexane

Analyses

has very high energy, and hence, it was ruled out.
RHF Calculations. At first, geometrical optimizations for
all the conformers shown in Figures 1 and 2 were carried out (5) the C-H bond lengths, (6) the €C—H angles, (7) the &-

ring, (3) the seven €EC—C angles to determine the directions
of methyl and isopropy! groups, (4) the two-C—0O angles,
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TABLE 3: Geometrical Parameters and Relative Energies of Menthol and Isomenthol Obtained from the B3LYP/6-31G* DFT
Calculations?

menthol isomenthol menthol isomenthol
parameters eqdl eq2 egql eq2 ax3 parameters eqgl eqg2 eqgl eqg2 ax-3
bond lengths (in A) bond angles (in deg)
Ci—C, 1.538 1537 1543 1.542 1.539 4€C3—Hss 109.9 109.0 109.9 109.0 107.7
C,—Cs 1.536 1.535 1538 1.536 1.537 3€C,—Hay 107.5 107.4 107.5 107.3 107.6
Cs—Cy 1543 1545 1543 1.545 1.546 56Cs—Hiz 105.7 106.5 105.6 106.5 106.1
Ci—GCs 1.538 1.538 1.538 1.537 1.545 g EC,—Haz 106.3 107.2 106.2 107.2 106.7
Cs—Cs 1535 1535 1537 1.538 1.538 4€Cs—Hsg 108.8 108.3 108.9 108.4 109.8
Ce—Cy 1.538 1538 1542 1.543 1.539 6 ECs—Hig 108.4 108.2 109.2 109.0 108.7
Ci—C; 1.533 1533 1538 1.538 1.532 12 Cs—Hss 109.6 109.4 109.3 109.1 108.6
C,—Cs 1554 1559 1554 1559 1.557 1-8Cs—Hig 109.7 109.8 109.6 109.6 110.0
Cs—Co 1.538 1538 1538 1.538 1.539 5E8Cs—Hig 108.1 108.3 107.2 107.4 109.1
Cs—Cuo 1.537 1538 1537 1.538 1.540 1-68Cs—H20 109.9 109.9 110.0 109.9 109.6
Cs—0un1 1431 1432 1432 1.432 1.436 58Cs—H2o 109.4 109.2 109.3 109.2 108.9
Ci—Hi 1.102 1.102 1.099 1.099 1.099 1-6C—Ha1 110.9 111.0 110.7 110.7 111.2
Co—Has 1.101 1.101 1.099 1.099 1.098 1-6C7—H2, 111.2 111.2 112.6 112.6 111.1
Co—Hua 1.098 1.098 1.098 1.098 1.101 1-6C;—Has 111.4 111.4 110.8 110.9 111.5
Cs—Hss 1.099 1.100 1.098 1.099 1.095 2HCr—Ha2 107.7 107.7 107.4 107.4 107.6
Cs—Hais 1.096 1.097 1.096 1.097 1.096 2HCr—Has 107.7 107.7 107.6 107.7 107.7
Cs—Hai7 1.102 1.101 1.102 1.101 1.100 24+ C7—Has 107.8 107.8 107.4 107.4 107.6
Cs—Hais 1.104 1.104 1.102 1.102 1.099 46Cs—Ha4 105.6 105.5 105.5 105.5 108.9
Ces—Hao 1.100 1.100 1.099 1.099 1.101 9 ECs—Ha4 107.3 106.7 107.3 106.7 107.2
Cs—H2o 1.101 1.101 1.101 1.101 1.100 1€ Cs—Ha4a 107.3 107.0 107.3 107.0 107.6
Cr—Haxn 1.097 1.098 1.097 1.097 1.097 8 ECo—Hos 110.2 110.5 110.2 110.5 110.4
Cr—Hz 1.097 1.097 1.095 1.096 1.098 8 ECo—H2e 112.0 111.0 112.1 1111 112.6
Cr—Has 1.097 1.097 1.097 1.097 1.097 8 Co—Hz7 111.9 111.0 112.0 1111 111.0
Cg—Hoa 1.096 1.101 1.096 1.101 1.100 24+ Co—Has 107.3 107.6 107.2 107.6 107.3
Co—Has 1.097 1.097 1.097 1.097 1.096 24+ Co—Har 107.2 108.6 107.2 108.6 107.5
Co—Hazs 1.096 1.097 1.096 1.097 1.094 24+ Co—Ha7 107.9 107.9 107.9 107.9 107.8
Co—Hz7 1.097 1.093 1.097 1.093 1.098 8 EC10—Has 111.4 112.3 111.4 112.3 113.0
Cio—Hzs 1.097 1.097 1.097 1.097 1.094 8" E8C10—Hag 112.1 110.9 112.1 110.9 110.7
Cio—Hao 1.097 1.096 1.097 1.096 1.098 8 E8C10—Hao 110.6 110.3 110.6 110.3 110.5
Cio—Hso 1.097 1.096 1.097 1.096 1.096 241 Cro—Hao 107.8 108.2 107.8 108.2 107.6
O11—Ha 0.970 0.970 0.970 0.970 0.970 24+ Cio—Hao 107.6 107.4 107.6 107.3 107.2
bond angles (in deg) +—Ci0—Hso 107.2 107.6 107.2 107.6 107.5
C,—C1—Cs 109.5 109.3 109.3 109.0 110.1 5-8011—Hs1 107.5 107.4 107.5 107.3 107.4
Ci—Co—GCs 112.0 1121 112.7 1129 111.7 dihedral angles (in deg)
Co—Cs—Cy 112.3 113.0 1121 112.7 1128 6EC;—Co—C3 —54.1 —53.6 52.5 518 —535
Cs—Cs—GCs 109.3 108.9 109.4 108.8 108.3 16C,—C5—Cy 56.4 55.6 —-56.2 —55.7 57.4
Cs—Cs—Cs 1115 1117 1114 1115 1125 28C3—Cs—Cs —55.6 —54.8 56.1 56.0 —56.3
Cs—Cs—Cy 1129 1128 1139 1139 113.2 3EC,—Cs—Cs 55.1 55.1 -55.2 556 54.5
C—C—C 1121 1121 112.7 1126 112.1 4€Cs—Cs—Cy —-56.4 —57.3 55.6 56.5 —54.7
Ce—C1—Cy 111.7 111.8 112.8 112.8 1115 5Ce—C1—C, 54.5 55.0 527 —-52.7 52.6
Cs—Cs—Cs 1145 111.3 1146 1114 1146 36— C—Cy —178.7 —178.2 =737 —742 —178.2
Cs—Cs—Cs 1129 1152 1129 1154 113.1 2EC3—C4—Cg 176.5 177.1 —-176.0 —175.8 70.9
Cs—Cs—Co 1141 112.7 1142 112.8 112.0 3ECs—Cs—Cy 58.6 —151.3 —58.8 151.6 50.0
Cs—Cg—Cio 111.6 113.7 111.6 113.7 1119 38C4—Cs—Cao —67.5 81.9 675 -—815 172.7
Co—Cs—Cio 110.5 110.6 110.5 110.5 108.9 36Cs—Cs— 011 176.9 177.3 -176.4 -—177.1 —67.2
Cs—Cs—0n1 107.7 108.6 107.6 108.6 105.9 26C;—Cr—Ha 61.7 617 —59.2 —59.8 —57.9
Cs—Cs—0On1 110.8 110.6 1104 110.2 111.1 26C;—Cr—Hyz, —-58.1 —-58.1 61.0 60.3 61.9
C,—Ci—Hio 107.5 107.6 107.8 1079 107.4 26C;—Cr—Has —178.4 —1784 —178.6 —179.2 —178.2
Ce—Ci—Hi2 107.8 107.8 107.3 107.4 107.3 4E8Cs—Co—Has 175.3 175.3 -—175.3 -—174.7 175.1
C;—Ci—Hi2 107.9 107.9 106.8 106.8 108.3 4ECs—Co—Hag 55.9 55,9 -56.0 —55.3 —65.0
Ci—Co—His 108.9 108.8 108.7 108.7 109.6 4ECs—Co—Hyy —65.5 —64.1 65.4 64.7 55.9
Cs—Co—Has 109.4 109.3 108.7 108.5 109.8 468Cs—Cio—Has —53.0 —523 52.7 52.1 62.6
Ci—Co—Hua 109.9 110.0 109.9 110.0 109.2 46Cg—Cio—Hag 67.8 689 —68.1 —69.2 —58.2
Cs—Co—Hua 110.0 110.0 110.1 110.1 110.3 46Cs—Cio—Haso —172.7 —172.0 172.3 171.7 —177.2
C,—Cs—His 108.8 109.2 109.7 110.1 1104 46C5—011—Ha1 —-178.9 -178.9 178.9 178.4 178.0
Cs—Cs—Hss 109.7 109.5 109.8 109.6 110.6 AFE/kcal moitP 0.0 0.50 0.0 0.52 0.41
Co—Cs—Hie 109.6 109.8 109.2 109.4 108.7 abundance/% 86.5 13.3 56.5' 10.0¢ 33.8!

2 See Figures 1 and 2 for the atom numberings and the definitions of the confoPmaesabsolute energy of thexrl conformer of menthol
and that of isomenthol are468.34346F, and—468.33997&:, respectively ¢ Estimated from the theoretical values fE, vibrational frequencies,
and rotational constants assuming the temperature of 36EKtimated from the theoretical values #8E, vibrational frequencies, and rotational
constants assuming the temperature of 410 K.

Cs—0O—H dihedral angles. In addition, the- bond length Those of the minor conformerg@2 of menthol anceg2 and
was fixed to that of methanol (0.975 A).The independent  ax-3 of isomenthol) were obtained from the results of the
parameters and the constraints are summarized in Table S5 0B3LYP/6-31G* calculations and were scaled with the same scale
Supporting Information. factorc; as that of the most stable conformeg:1. The model
Mean amplitudes and shrinkage correctiolsr, — r, were of small amplitude vibrations was adopted. The mean amplitudes
calculated from the above-mentioned scaled force constants.of the C—H and O-H bonds were adjusted in a group and those
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of the C-C and C-O bonds were adjusted in another group. TABLE 4: Molecular Structures of Menthol and
In addition, those of the geminal nonbonded pairs such as !somenthoF

C,---Cz were adjusted as the third group. The differences among
mean amplitudes in each group were fixed at the calculated
values. The mean amplitudes of other pairs were not varied and

were fixed at their calculated values. Table S6 of Supporting
Information lists the mean amplitudes with the corresponding
ro distances. The anharmonicity paramekers for bonded
atom pairs were estimated in a diatomic approximatfon =
(a/6)I4, where the Morse parametarwas assumed to be 2.0

A~ Those for nonbonded atom pairs were assumed to be zero.

Results and Discussion

First, preliminary analyses were carried out by assuming
various conformational composition in which the dihedral angle
C3—C4—Cs—Cy was fixed at its B3LYP value. For menthol,
the mixture model with theg1 andeg2 conformers was tried

menthol eg1)

isomenthol ¢g1)

first, and it resulted in the relative abundance of 99% and 1% bond angles and dihedral angles (in deg)

for the eql and eq2, respectively. The obtained standard

deviation for the abundance was as much as 11%. Therefore, it

was assumed that the existence of #g2 conformer is not
significant. The final analysis was carried out by assuming the
eg1 conformer only and by varying the dihedral anglg-C
C4—Cs—Cy as an independent parameter.

On the other hand, three models were tried for isomenthol.
The mixture model with theg1, eq2, andax-3 conformers
resulted in the negative abundance4(%) of theeg2. The
second model with thegq1 andeg2 conformers did not result
in the significant abundance for tlegr2 conformer (12% with
the standard deviation of 10%). Tefactor® of this analysis
was 0.056. The third model with trezr1 andax-3 conformers
provided the significant abundance for the both conformers (69
+ 27 and 31% for theeq1l andax-3, respectively), although
the fitting quality improved only slightly (théR-factor was
0.055). Therefore, this model was adopted in the final analysis
in which the dihedral angle, £ C,—Cg—C,, of theegl was
varied and that of thex-3 was fixed at its B3LYP value.

Table 4 lists the obtained structural parameters forettpé
conformer of menthol and isomenthol. Experimental radial
distribution curves with residuals are shown in Figure 4. The
R-factor of the analysis is 0.045 for menthol, and it is 0.055 for

has been determined to be &330% vs 37% for theegq-1 and

ax-3 conformers, respectively. These values correspond to the

at room temperature (298 K) was calculated to be-680/—
40)% vs 32% for theegrl andax-3 conformers, respectively.
Theeq2 conformer has been found with a significant amount

conformer.
The dihedral angle £-C4,—Cg—Cg has been determined with
rather large error limits £7° for menthol and+17° for

exception of the angle €C—Ciing of isomenthol (correlation
matrix element is 0.92). Therefore, it has been concluded to

obtained values, 57and —63° for menthol and isomenthol,
respectively, are close to their theoretical values (5&6d
—58.8). The correlation matrix is listed in Table S7 of
Supporting Information.

ED ED
parameters (rgandOy) DFT® (rgandOy) DFT®
bond lengths (in A)
Ci—C 1.533 1.538 1.540 1.543
Co—Cs 1.531 1.536 1.535 1.538
C3—Cy 1.538 1.543 1.541 1.543
Cs—Cs 1.533 1.538 1.536 1.538
Cs—Cs 1.530 1.535 1.534 1.537
Cs—C1 1.533 (2) 1.538 1.540 (1) 1.542
Ci—C; 1.528 1.533 1.536 1.538
Cs—Cg 1.550 1.554 1.552 1.554
Cs—Cy 1.533 1.538 1.535 1.538
Cs—Cio 1.532 1.537 1.535 1.537
[C-CcO 1.534 1.539 1.538 1.541
Cs—O11 1.408 (10)  1.431 1.427 (13)  1.432
[C-HO 1.117 (3) 1.098 1.112 (3) 1.098
O—H 0.975 0.970 0.97% 0.970
C>—C1—Cs 110.4 109.5 110.4 109.3
C1—Co—Cs 112.9 112.0 113.8 112.7
Co—C3—Cy 113.2 112.3 113.2 112.1
Cs—Cs—Cs 110.3 ) (5) 109.3 110.5) (25) 109.4
C4—Cs—Cs 112.5 1115 112.5 1114
Cs—Cs—Cy 113.9 112.9 115.0 113.9
[C—C—Ciingd 112.2 111.3 112.6 1115
C—Ci—Cr 111.2 112.1 1114 112.7
Cs—C1—Cy 110.9 111.7 111.6 112.8
C3—C4—Cg 113.6 114.5 1134 114.6
Cs—Cs—Cs 112.0 112.9 111.6 112.9
Cs—Cs—Cy 1132 | (6) 1141 113.0  9) 1142
Cy4—Cg—Cao 110.7 111.6 110.4 111.6
Co—Cs—Cyo 109.6 110.5 109.3 110.5
[C—C—Cexdd 111.6 1125 1115 112.7
C4—Cs—On 108.4 107.7 107.6 107.6
Ce—Cs—On1 111.6 } (11) 110.8 1105} (17) 110.4
[C-C-00 110.0 109.3 109.0 109.0
[C-C-HO 109.2 (11) 109.2 108.9 (15) 109.2
C3—Cs—Cs—Co 57 (7) 58.6 —63 (17) —58.8
puckering amplitude (in A)
Qe 0.533 (16) 0.570 0.522 (90) 0.564
abundance (%)
a1 100 86.5 63 (30) 56.5

aValues in parentheses are estimated error limitg (&ferring to
isomenthol. The final conformational composition of isomenthol the last significant digit. The indices of resolution are 0.93(2) and
0.87(2) for menthol and isomenthol, respectivélgee Figures 1 and

2 for the atom numberings. Angle brackets denote average values.
) .~ ¢Obtained from the B3LYP/6-31G* calculations in the present study.
ratio of the conformers at 410 K (nozzle temperature). The ratio ¢ Aossymed as., distance® Dependent parameter. See ref 20 for the

definition. f Assumed.

The average €C bond length of isomenthol has been found
for neither menthol nor isomenthol, contrary to the prediction to be slightly longer than that of menthol (1.5380.001 A for
by the DFT calculations. Of course these results do not isomenthol, and 1.534 0.002 A for menthol). This tendency
necessarily rule out the existence of a small amount of this is reproduced qualitatively in the B3LYP theoretical structure
(1.541 A for isomenthol, and 1.539 A for menthol). On the other
hand, the GO bond length shows a larger isomer dependence
(1.408 + 0.010 A for menthol, and 1.42% 0.013 A for
isomenthol as three times standard deviations). However, thereisomenthol). However, as this parameter could be determined
is no strong correlation between this dihedral angle and otheronly with large error limits, no definite conclusion can be
independent parameters of the least-squares fitting with thederived from the present results. As for the bond angles, there
are no significant differences between menthol and isomenthol.
Bombicz et al. revealed that menthol crystal contains three
leave this dihedral angle as an independent parameter. Thendependent molecules with thegql conformation in the
asymmetric unit celt. The average €C distances of these
molecules were determined to be 1.584.005, 1.516t 0.005,
and 1.5164+ 0.005 A. These values are significantly shorter
than the gas-phase value, 1.584.002 A. Although Bombicz
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T T T T . T . the methyl group in the axial position seems to be hindering
(@) Menthol the minty odor. On the other hand, the3 conformer is not
minty presumably because of the isopropyl group in the axial
position although its axial hydroxyl group does not seem to
prevent the minty odor because )neomenthol has an axial
hydroxyl group and is minty.
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