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Abstract

The structure and conformational behavior of the new natural compound (4R,5S,75,8R,95,10R,11R)-longipin-2-en-7,8,9-triol-1-one 7-
angelate-9-isovalerate (1) isolated from Stevia eupatoria, were studied by molecular modeling and NMR spectroscopy. A Monte Carlo search
followed by DFT calculations at the B3LYP/6-31G* level provided the theoretical conformations of the sesquiterpene framework, which were in
full agreement with results derived from the "H-'H coupling constant analysis.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Remarkable developments in NMR spectroscopy combined
with molecular modeling at the density functional level of
theory can nowadays provide an accurate description of the
chemical structure and conformational behavior of organic
substances. Much of this information can be very useful to
establish correlations between the geometry and the biological
activity of new substances, a situation of particular relevance in
the case of natural products. In this work, we applied a
molecular modeling protocol to a new natural substance which
possesses a highly oxygenated tricyclic framework. The
protocol includes a Monte Carlo random search [1] followed
by geometry optimization by DFT calculations [2,3] at the
B3LYP/6-31G* level of theory [4,5], and comparison of the
calculated conformational parameters with those obtained from
NMR spectral data, as achieved in a recent work [6]. The new
substance, a longipin-2-en-7,8,9-triol-1-one derivative (1),
belongs to the sesquiterpenoid class of natural products
which can be obtained from Stevia eupatoria (Asteraceae).
This species grows in humid conifer forests between 2300 and
2900 m over the sea level [7,8] and is used in the traditional
medicine of Mexico as a diuretic and antimalarial agent, and to
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treat digestive disorders in mammals [9]. Previous studies on
the aerial parts of this plant, collected in different locations,
afforded two kaurene derivatives [10], three guaianolides and
two longipinene derivatives [11], while studies from the roots
yielded the first seco-C oleanane isolated from nature [12].
Polyoxygenated longipinenes are representative secondary
metabolites of the genus Stevia [13,14] which have been
versatile starting materials for the preparation of novel
carbocyclic sesquiterpenic structures [15-20]. Most longipin-
2-en-7,8,9-triol-1-one derivatives have been found as 7,8-
diesters, and only three 7,9-diesters are known [21,22].

2. Results and discussion

The hexane extracts of the roots of S. eupatoria, collected in
the State of Mexico, were subjected to column chromatography
on silica gel. The 'H NMR spectrum of fractions eluted with
hexane-EtOAc 4:1 revealed the presence of a complex mixture
of longipinene derivatives. This spectrum showed at 6 4.10 a
multiplet for a proton geminal to oxygen, thus indicating the
presence of a —C7(OR)-Cg(OH)-Co(OR)- fragment where R
are acyl groups. As mentioned, longipinene derivatives with
this functionality are rare in nature and therefore, it was
relevant to carry out a detailed chemical study of the
sesquiterpene fraction. HPLC purification of this mixture
afforded compound 1, whose structure corresponded to
(4R,5S5,7S5,8R,95,10R,11R)-longipin-2-en-7,8,9-triol-1-one
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7-angelate-9-isovalerate, as determined from its spectroscopic
and optical rotation data. The IR spectrum showed typical
absorptions for a hydroxyl group (3682 and 3550 cm™ '), a
saturated ester group (1726 cmfl), an o,B-unsaturated ester
group (1710 and 1642 cm_l), and an o,B-unsaturated ketone
(1672 and 1620 cm ™). The molecular formula was deter-
mined as C,sH360¢ by HREIMS which showed exact mass
432.2515 (caled 432.2512). The "H NMR spectrum showed a
vinylic hydrogen signal at ¢ 6.12 and two vinylic methyl
groups at ¢ 2.00 and 6 1.94, characteristic of an angelate ester.
The presence of an isovalerate ester was evidenced by a
complex multiplet located at 6 2.21, a methylene multiplet
centered at 6 2.37 and two doublets for two secondary methyl
groups at 0 1.00 and ¢ 0.99. The signals for the three hydrogen
atoms geminal to oxygen atoms appeared at 6 5.46 (d, Jgo=
3.4 Hz, H-9), 5.20 (d, J;3=11.0 Hz, H-7) and 4.10 (br m,
which collapses to a dd upon addition of D,0, J;3=11.0 and
Js9=3.4 Hz, H-8). Three signals for hydrogens attached to the
cyclobutane ring were observed at 6 3.10 (br d, J4;;=7.0 Hz,
H-11),2.66 (br d, J411,="7.0 Hz, H-4) and 2.34 (br s, H-5). It is
interesting to remark that the cyclobutane ring exhibits a fixed
geometry in which both H4—C4,—~Cs-Hs and Hs—Cs—C;—-Hy
dihedral angles are close to 90° thus providing very small
coupling constants between H-4 and H-11 and between H-5
and H-11, but a large long-range coupling constant between H-
4 and H-11 [23]. The 'H and '*C NMR spectral data were
assigned on the basis of gHSQC and gHMBC spectra, whose
correlations are summarized in Table 1. The assignments were
in full agreement with the proposed structure for 1. In
particular, the positions for the angelate and isovalerate groups
were secured from gHMBC correlations. The H-7 signal at ¢
5.20 showed a cross-peak with the '>C signal at 6 169.0,
corresponding to the angelate carbonyl group C-1’. The H-9
signal at 6 5.46 displayed a correlation with the '*C signal at 6
69.6, corresponding to C-8, and with that at § 74.2,
corresponding to C-7. Additionally, the 'H-'’C gHSQC
experiment was very useful to confirm the assignment of the
C-8 signal, which correlated with the hydrogen geminal to the
hydroxyl group at 6 4.10. The optical rotation for compound 1
was dextrorotatory at the sodium D-line, showing [a]sg0 = +
57°. This value was within the characteristic range for natural
(+)-longipin-2-en-1-one derivatives of known absolute con-
figuration [21,22,24,25].

Longipinene derivative 1 represents an attractive case for
conformational studies because some parts of the molecular
structure are rigid (i.e. the fused four- and six-membered rings)
and others show flexibility (i.e. the seven-membered ring and
the short chain ester moieties). According to a Dreiding model,
the seven-membered ring may exist in two main confor-
mations, which, in conjunction with the wide rotameric
possibilities of the ester groups, generate a complex confor-
mational scenario to be solved.

A randomized conformational search using the Monte Carlo
method [1] with a search limit of 200 structures, and employing
the Merck molecular force field as implemented in the
Spartan’04 software package [26] gave a total of 131 minimum
energy structures. A geometry restriction for the C=C-C=0

Table 1
NMR data for longipinene derivative 1 measured at 300 MHz in CDCl;.
Chemical shifts ¢ are in ppm and coupling constants (/) are in Hz

Position ¢, multi- oy, multiplicity (/) HMBC COSY
plicity (H—C) (H—H)
1 202.5s -
2 122.8 d 5.82, ddq (1.5) 4 4,11, 15
3 1699 s -
4 48.2d 2.66, br d (7.0) 2,3,6, 11, 5
15
5 65.4d 2.34,brs 3,4,6,7,10, 12,13
11, 12
6 36.3 s -
7 742 d 5.20,d (11.0) 6,8,12,13, 5,8
1/
8 69.6 d 4.10,dd (11.0,3.4) 6,7,9, 10 7,9
9 77.4d 5.46,d (3.4) 7,8,11, 14 8
10 549 s -
11 53.1d 3.10,d (7.0) 2,4 4,5
12 26.7 q 0.95, s 5,6,7,13
13 19.8 q 1.11,s 5,6,7,12 12
14 213 q 1.03, s 4,9,10,11
15 234 q 2.06, d (1.5) 2,3,4
1 169.0 s -
2! 1275 s -
3/ 139.2d 6.12, qq (7.5, 1.5) 5 4’5
4/ 15.8 q 2.00, dq (7.5, 1.5) 2/, 3/
5/ 20.6 q 1.94, quint (1.5) 1,2, 3
1” 1733 s -
2" 434t 2.37, m
3" 25.6d 221, m
4" 22.5q 0.99, d (6.3) 2", 3"
5" 224 q 1.00, d (6.8) 2", 3"

torsion angle of the angelate ester was set at 0° to emulate the
m-electron conjugation effect. X-ray diffraction analyses of
angelate esters have shown that the s-cis arrangement is the
preferred conformation for this moiety over the s-trans
arrangement [27-29]. Our molecular modeling calculations
confirmed this observation. The molecular mechanics struc-
tures were geometry analyzed to eliminate those which
appeared as duplicated and sorted according to their energy.
A total of 38 structures within the range of 0.0-3.3 kcal/mol
were selected for geometry optimization by density functional
theory calculations, employing the B3LYP method and the
6-31G* basis set [4,5], without any geometrical restrictions.
After DFT optimization, a set of 21 conformations were
considered for the Boltzmann population analysis. The
remaining 17 conformations were discarded because they
were either duplicated or of high energy, mainly those which
did not show the most favorable anticlinal conformation for the
acyloxy moieties [30]. It is relevant to comment that the order,
according to the energy of each conformer, as well as the
relative population, obtained from the Boltzmann distribution,
strongly differ when comparing molecular mechanics results
with density functional theory calculations. This difference is
explained due to electronic interactions present in the structure
of 1, which are not considered in the molecular mechanics
calculations.
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The DFT global minimum (Fig. 1) was located at
Eppr= —894616.593 kcal/mol which, together with the
following nine conformations (Fig. 2(a)) accounted for
99.8% of the conformational population (Table 2). According
to analysis using the Cremer and Pople parameters [31], carried
out with the RICON program [32], the seven membered ring of
the global minimum structure exists in a single hybrid
conformation, composed by the canonical twist-chair, boat
and twist-boat conformations, as quantified in Table 3. The
angelate group at C-7 and the hydroxyl group at C-8 remain in
pseudo-equatorial orientations, while the isovalerate group is
in a pseudo-axial orientation. The six-membered ring exists in
a conformation intermediate between envelope and half-chair,
and the four-membered ring adopts a puckered conformation
(Table 3). This conformation of the sesquiterpene framework
was sustained for a total of ten calculated minima (Table 2 and
Fig. 2(a)), within a relative energy range up to 2.014 kcal/mol,
followed by an energetic gap up to 3.836 kcal/mol where
inversion of the seven-membered ring occurred at confor-
mation number eleven. This conformation, together with the
following ten conformations (i.e. conformations 11-21),
corresponded to a second conformational group (Fig. 2(b))
where the angelate group at C-7, and the hydroxyl group at C-8
remain in pseudo-axial orientations, and the isovalerate group
at C-9 remains in a pseudo-equatorial orientation. According to

Fig. 1. Molecular formula and global minimum energy structure of
(4R,5S,7S,8R,95,10R,1 1 R)-longipin-2-en-7,8,9-triol-1-one 7-angelate-9-isova-
lerate (1).

(a)

(b)

Fig. 2. Superimposed minimum energy structures of longipinene derivative
1 (a) with a DFT relative energy range from 0 to 2.014 kcal/mol and (b)
the higher energy conformational group (DFT relative energy range
3.836-6.507 kcal/mol), showing the inversion of the seven-membered ring.

molecular mechanics calculations, this second conformational
array could be more stable than the group depicted in Fig. 2(a).
However, an analysis of the "H-'"H NMR coupling constants
for the hydrogen atoms of the seven-membered ring J; g and
Jso indicates that, experimentally, the predominant confor-
mations are those represented in Fig. 2(a), as properly modeled
by the DFT calculations. A comparative analysis for the
calculated and observed "H-'H coupling constants is listed in
Table 4. The calculated coupling constant values were
obtained from theoretical H-C-C-H DFT dihedral angles
using a generalized Karplus-type equation [33,34], and are in
agreement with the observed *Jy_y coupling constant
values, thus validating the theoretical results for longipinene
derivative 1.

Finally, its is relevant to mention that according to Fig. 2(a),
the longipinene structure 1 shows a wide mobility of
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Table 2

DFT relative energy, population according to the Boltzmann distribution, and isovalerate dihedral angles for the most relevant conformers of longipinene derivative 1

Conformer Eprr” Population® Cg—Co—09—Cr° Co—0g—C11—Cypr* 0g—Cr—Cor—C3r° C1—Cpr—C3r—Cyr®
1 0.000 29.19 —1153 172.8 —138.7 63.6
2 0.294 17.79 —118.0 175.0 —75.4 178.8
3 0.537 11.80 —88.1 179.6 —80.6 178.4
4 0.562 11.32 —80.5 —167.7 —157.8 71.1
5 0.632 10.05 —79.0 178.7 165.0 167.7
6 0.696 9.03 —114.0 174.9 73.4 63.8
7 0.950 5.88 —117.0 175.7 —125.8 —70.2
8 1.573 2.05 —80.0 —179.5 532 62.1
9 1.673 1.74 —117.6 171.9 93.1 —66.7
10 2.014 0.98 —78.1 179.3 179.1 —65.1

# In kcal/mol.
® In percent.
¢ In degrees.

Table 3

Conformational parameters of the four, six and seven-membered rings at the DFT global minimum structure of longipinene derivative 1

Parameter C4C5C10C1 1 C1C2C3C4C5C1 1 C1C2C3C4C10C1 1 C4C5C6C7C8C9C10 C5C6C7C8C9C10C1 1

Q 0.373 0.851 0.800 1.010 0.974

Q, - - - 0.716 0.636

Qs - - - 0.712 0.738

0 - 49.6 57.2 - -

v, - 7.6 5.0 30.4 44.1

28 - - - 3234 61.6

Conformation Puckered Between envelope and Between envelope and Combination of twist- Combination of twist-

half-chair

chair, boat and twist-
boat

chair, boat and twist-
boat

screw-boat

the isovalerate ester side chain at C-9, while the angelate ester
remains essentially rigid with a certain degree of molecular
vibration. The dihedral angles for the global minimum of 1,
which define the conformation of the angelate moiety are C¢—
C,—0,-Cy/=+149.5°, C;—0;-C;—Cy=—178.0°, O;-C;—
Cy—C3=+169.9° and C;—Cy—C3-Cy=—1.2° while the
representative dihedral angles for the rotamers of the
isovalerate ester are listed in Table 2.

3. Experimental
3.1. General experimental procedures

Column chromatography was carried out on Merck silica
gel 60 (70-230 mesh ASTM). HPLC separations were done on
a Varian ProStar chromatographic equipment. Optical rotations
were measured in CHCI; on a Perkin—Elmer 341 polarimeter.
The UV spectrum was measured in EtOH on a Perkin—Elmer
Lambda 12 spectrophotometer. The IR spectrum was obtained
in CHCl; on a Perkin—Elmer 16F PC FT spectrophotometer.
1D and 2D NMR spectra were measured at 300 MHz for '"H
and 75.4 MHz for '°C from CDCl; solutions containing TMS
as the internal standard on a Varian Mercury 300 spectrometer.
The low-resolution mass spectrum was recorded at 20 eV on a
Hewlett-Packard 5989A spectrometer, while the HRMS was
measured on a VG 7070 high-resolution mass spectrometer at
the UCR Mass Spectrometry Facility, University of California,
Riverside.

3.2. Plant material

Specimens of S. eupatoria (Spreng.) Willd. were collected
at 40 km of the Atlacomulco-Jilotepec state road No. 10, near
Timilpan, State of Mexico, Mexico, in October 2002. A
voucher specimen (number 136) is deposited in the Herbarium
of Instituto de Ecologia A.C., Patzcuaro, Michoacan, Mexico,
where Prof Jerzy Rzedowski kindly identified the plant.

3.3. Extraction and isolation

The air-dried roots of S. eupatoria (900 g) were extracted
(X3) with hexane (3 L) under reflux. After vacuum evapor-
ation of the solvent, the crude extract (9 g) was suspended in
MeOH (500 mL) at 0 °C, to remove waxy materials. Filtration
and evaporation of the extract afforded a dark-yellow syrup
(4.5 g) which was subjected to column chromatography on

Table 4
Observed and calculated "H-"H NMR vicinal coupling constants (in Hz) and
calculated dihedral angles (in degrees) for longipinene derivative 1

Fragment Jobs Jeale Dihedral angle
H4—C4—Cs—Hs 1.0° 0.8 98.4
Hs-Cs-Cy-Hy, 1.0°* 0.8 —98.9
H;—-C;—Cg—Hg 11.0 10.2 165.8
Hg—Cg—Co—Hy 34 2.4 60.6

# Estimated from the width at half-height of H-4, H-5 and H-11.
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silica gel. Elution with hexane-EtOAc, 4:1, yielded 10 fractions
(268 mg) containing compound 1 admixed with several other
longipinene derivatives. These fractions were combined and an
aliquot was purified by normal phase HPLC. The optimal
chromatographic conditions to obtain pure 1 were: an aliquot of
3.5mg of the longipinene fraction in 40 pL of hexane—
CH,Cl,—EtOAc (3:3:1) was injected to a Si-10 column
(Varian), i.d. 4 mm, length 30 cm, eluting with the same
solvent mixture at I mL/min and monitoring by UV detection
at 254 nm. The process was repeated 16 times to accumulate
6 mg of 1 (R,=7.6 min). S. eupatoria also afforded known
stigmasterol [35], friedelin [36], taraxerol [37], 5-acetyl-2-[2'-
hydroxyisopropyl]-benzofuran [38] and the longipinene
derivatives rastevione [29], dehydrorastevione [39] and long-
ipin-2-en-7,8,9-triol-1-one 7-angelate-8-isovalerate [25].

3.4. (4R,58,7S,8R,9S,10R, 1 IR)-Longipin-2-en-7,8,9-triol-1-
one 7-angelate-9-isovalerate (1)

Colourless oil. [a]sgo=+57°, [a]s78= +61° [a]s46=+
70°%, [alsze= +135° [alzes=+356° (¢ 1.0, CHCIL;). IR
(CHCl3) vmax: 3682, 3550, 1726, 1710, 1672, 1642, 1620,
1234 cm ™~ L. UV (EtOH) Apax (log €): 216 nm (3.94). 'H NMR
(CDCls, 300 MHz): see Table 1. '>C NMR (CDCls,
75.4 MHz): see Table 1. EIMS m/z 432 [M]*(2), 330 (8),
248 (6), 230 (9), 201 (24), 135 (9), 83 (100), 57 (22), 55 (50).
HREIMS m/z 432.2515 (calcd for C,5H360¢, 432.2512).

3.5. Computational details

The molecular modeling calculations started with a
systematic conformational search for the seven-membered
ring and the ester side chains of longipinene derivative 1.
This procedure was carried out with the aid of Dreiding
models considering torsion angle rotations of =20° for those
bonds which allowed such movements. All conformational
species derived from the hydroxyl group rotation were also
examined. Geometry optimizations were carried out using
the Merck molecular force-field calculations [40]. The
Envivrr values were used as the convergence criterion and
a further search with the Monte Carlo protocol [1] was
carried out. The selected conformers were submitted to
density functional theory -calculations (B3LYP/6-31G*)
without bond rotation restrictions. The MMFF calculations,
the Monte Carlo random searching, the density functional
theory B3LYP/6-31G* quantum calculations and the
Boltzmann distribution calculations were achieved using
Spartan’04 software from Wavefunction, Inc. (Irvine,
California, USA). Conversions of dihedral angles into
vicinal coupling constants (3JH_H) for each conformer were
done using the Altona equation [33,34]. The population-
weighted average coupling constants for the H-C-C-H
dihedral fragments were calculated using the equation

3‘](:8.10 = n111 +n2J2 + ...+ En,-Ji.
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