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The agreement between theoretical and experimental vibrational circular dichroism curves of (4R,9R,10R)-(+)-african-
1(5)-ene-2,6-dione (1) and (4R,9S,10R)-lippifoli-1(6)-en-5-one (2), isolated from the widely used plant Lippia integrifolia,
allowed the determination of the conformation and absolute configuration of 1 and confirmed both structural features
for 2. Molecular modeling of 1 and 2 was carried out by means of a systematic and a Monte Carlo search protocol
followed by geometry optimization employing density functional theory calculations with the B3LYP/6-31G(d), B3LYP/
DGDZVP, and/or B3PW91/DGDZVP2 functionals/basis sets. Validation of the minimum energy conformations for
both tricyclic substances was achieved by comparison of the experimental and theoretical vicinal "H—'H NMR coupling

constants obtained by DFT-GIAO calculations.

Lippia integrifolia Hieron. (Verbenaceae), a woody aromatic
shrub native to central and northern Argentina, is widely used in a
large number of commercial preparations and in traditional medicine
as a diuretic, emmenagogue, stomachic, and nervine agent.'* This
plant produces a series of secondary metabolites that includes
africananes,>> e.g., 1, derived from the tricyclo[6.3.0.0>*]Jundecane
ring system, and lippifolianes,* e.g., 2 and 3, containing the
tricyclo[5.4.0.024Jundecane moiety (Figure 1). In a previous study,”
the absolute configuration of lippifolianes was assigned by analysis
of the electronic circular dichroism data in combination with density
functional theory minimum energy molecular models of (4R,9S,10R)-
lippifoli-1(6)-en-5-one (2), (15,4R,65,95,10R)-lippifolian-1-ol-5-one
(3), and (45,95,10R)-lippifoli-1(6)-en-4-ol-5-one (4) and application
of the octant rule for saturated ketone 3 and the helicity rules for
o,[-unsaturated ketones 2 and 4. The results were corroborated by
the anomalous dispersion effect observed in the X-ray diffraction
analysis of (45,95,10R)-4,10,11-tribromo-10,11-seco-lippifoli-1(6)-
en-5-one (5) prepared from 2. In the same work,” the absolute
configuration of africanane derivatives as 1 was proposed on the
basis of biogenetic relationships among the natural products isolated
from L. integrifolia, since the biogenesis of africananes was
considered as structurally interrelated with the biogenesis of
lippifolianes.” Africanane derivatives have been isolated from
diverse natural sources also including the liverworts Pellia epi-
phylla,6 Porella caespitans,7 and Porella swartziana,® the asco-
mycete Leptographium lundbergii,” and the soft coral Sinularia
dissecta."’

The absolute configuration of africanane derivatives from L.
integrifolia can be strongly supported if a selected representative
compound of this kind is studied by vibrational circular dichroism
(VCD) spectroscopy.''™'® This technique, which has been recently
used to determine the absolute configuration of several natural
products,'®>7 is based on comparison between the experimental
VCD spectrum and the corresponding theoretical curve for the
proper enantiomer obtained by density functional theory (DFT)**
calculations of the vibrational frequencies and VCD intensities. The
calculations involve generation of weighted-averaged vibrational
plots including all significantly populated conformations of the
analyzed molecule. In this study, africanane derivative 1 was
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Figure 1. Africanane 1, lippifolianes 2—4, and seco-lippifoliane 5
derivatives.

selected because it contains an interestingly functionalized tricyclic
system and only one predominant conformation. On the other hand,
lippifoliane 2, whose absolute configuration was securely solved
by X-ray diffraction analysis of the brominated derivative 5,> was
also studied herein by applying the VCD methodology. Lippifoliane
2, which exhibits four conformations, was used as a reference
compound to provide certainty in the VCD calculations.

Results and Discussion

(4R 9R,10R)-(+)-African-1(5)-ene-2,6-dione (1) and (4R.,9S,10R)-
lippifoli-1(6)-en-5-one (2) were obtained from the essential oil of
L. integrifolia as previously described.>* The experimental VCD
spectra of 1 and 2, measured from CCl, solutions, are depicted in
Figures 2a and 3a, respectively. On the other hand, the series of
theoretical VCD spectra for these substances were obtained
employing a molecular modeling protocol, which initially involved
the use of systematic and Monte Carlo conformational searching
methods.?® The molecular models of 1 and 2 were constructed
starting from minimized [5.3.0] and [4.4.0] bicyclic systems,
respectively, followed by consecutive incorporation of the three-
membered ring, the carbonyl, and methyl groups. In each step, a
full minimization routine employing the MMFF94 molecular
mechanics force field*® was carried out. In this process the energy
value was monitored as a convergence criterion to yield the global
minimum energy structures. The Monte Carlo search using the
global minimum of 1 and 2 as the starting point afforded two
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Figure 2. Experimental (a) and DFT-calculated (b) B3PW91/
DGDZVP2, (¢c) B3SLYP/DGDZVP, and (d) B3LYP/6-31G(d) VCD
spectra of 1.

conformers for 1 of Eyver = 38.942 and 47.942 kcal/mol and four
conformers for 2 of Exypr = 41.901, 43.868, 45.508, and 47.795
kcal/mol. The structures were submitted to geometry optimization
using DFT calculations at the B3LYP/6-31G(d)*' and B3LYP/
DGDZVP?? levels of theory to obtain two sets of molecular models
of increasing accuracy for both sesquiterpenes. After structure
optimization, the vibrational frequencies and IR and VCD intensities
were calculated at the same level of theory, as well as the
thermochemical parameters at 298 K and 1 atm.

On the other hand, the unambiguous conformational definition
of a molecule and the contribution of each conformational species
are critical points for the achievement of reliable results in the VCD
technique. For this purpose, the thermochemical parameters were
employed for estimation of the population of each structure in the
conformational equilibrium. The relative populations were calcu-
lated according to the AG = AH — TAS and AG = —RT In K
equations, considering the B3ALYP/DGDZVP frequencies at 298 K
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Figure 3. Experimental (a) and Boltzmann-weighted DFT-
calculated (b) B3LYP/DGDZVP and (¢) B3LYP/6-31G(d) VCD
spectra of 2.
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Figure 4. DFT B3LYP/DGDZVP geometry optimized conformers
la and 1b at 298 K and 1 atm.

and 1 atm. Also, equations K, = ny/n; and n; + n, = 1 were
considered for 1 and K1,2 = I’lz/}’l], K2,3 = I’l}/l’lz, K3,4 = I’l4/713, K4,1
= my/ng, and n; + ny + n3 + ny = 1 were taken into account for
the equilibrium of 2. In these equations, K;; stands for equilibrium
constants and #n; stands for the number of moles. The difference
between the two conformations of africanane 1 resided in the seven-
membered ring geometry. In conformer 1a, whose absolute values
are Ey = —733.818944 au, Hygg = —733.801221 au, and Grog =
—733.862243 au, the C-8 atom points out toward the endo-face of
the molecule, while in conformer 1b this atom lies on the exo-face
of the structure (Figure 4). According to the thermochemical
analysis, the population of conformer 1b was smaller than 0.006%,
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Figure 5. VCD spectra of conformers 2a—2d calculated at the DFT B3LYP/DGDZVP level of theory at 298 K and 1 atm.

having a AGys = 5.727 kecal/mol with respect to conformer 1a.
Therefore, the contribution of conformer 1b was neglected and
structure 1a was taken into account as the only relevant component
present in africanane 1.

Concerning lippifoliane 2, the population analysis showed that
structures 2a—2d contribute to the conformational equilibrium with
predominance of 2a at 92.39% followed by 2b—2d at 4.95%,
2.33%, and 0.33%, respectively (Figure 5a—d). In the global
minimum structure 2a, whose absolute values are Ey = —659.769680,
Higs = —659.752871, and Gaog = —659.811225 au, the C-8 atom
points out toward the endo-face of the molecule and the cyclohex-
enone ring, designated as ring A, adopts a half-chair conformation
with the methyl group at C-4 in an equatorial position. In the second
energy-minimum structure, 2b, the methyl group at C-4 remains
in an equatorial position, but there is a conformational change in
ring B that moves the C-8 atoms toward the exo-face of the

structure. In conformers 2¢ and 2d, the half-chair conformation of
ring A is inverted with respect to 2a and 2b with the consequent
change of the methyl group toward the axial orientation. A previous
conformational analysis of the lippifoliane derivative was carried
out, but without consideration of the thermochemical parameters.5

Since the X-ray structure of lippifoliane derivative 2 was
published recently,” it was desirable to compare its X-ray dihedral
angles with those obtained from DFT analysis. The close cor-
respondence between the solid state dihedral angles of 2 and those
of the global minimum structure 2a supports the conformational
analysis of lippifoliane derivative 2 (see Supporting Information).
In the case of africanane 1, no X-ray crystallographic data have
been reported since the compound was always obtained as a
colorless oil. However, the conformation can be supported experi-
mentally by comparison of the experimental and theoretical vicinal
'"H NMR coupling constant values since they are highly sensitive
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Table 1. DFT B3LYP/DGDZVP Calculated and Experimental NMR Coupling Constants for Africanane (1) and Lippifoliane (2)

J 1¢ 1° 2a“ 2b“ 2¢ 2d“ 2ygt” 2%
20,20 —20.0 —21.1 —21.5 —-21.9 —20.1 —17.6
20,30 4.1 5.7 59 5.1 42 4.8
20,38 2.4 L5 124 12.7 2.6 33
2830 12.9 12.0 1.3 2.1 12.5 114
28,38 4.4 59 6.6 55 4.5 4.8
30,36 —19.0 —21.4 —14.5 —14.7 —15.4 —15.1 —14.5 —13.0
3a.4 2.3 1.4 133 14.4 1.9 1.5 13.0 12.8
364 6.7 6.3 5.2 4.5 5.4 5.8 52 4.8
8,80 —14.8 —16.2 —16.6 —16.1 —16.5 —16.0 —16.6 —14.0
80,9 10.9 10.0 53 1.7 53 2.1 5.1 5.8
83,9 5.2 53 9.5 4.8 9.6 4.1 9.3 8.2
9,11a 4.5 3.9 3.4 52 3.6 5.4 35 4.0
9,118 8.0 8.0 8.1 9.1 8.2 9.0 8.2 8.0
1o, 118 —4.7 —6.1 —4.1 —4.4 —4.1 —4.4 —4.1 —4.0

“Calculated with the GIAO method using the B3LYP/DGDZVP-optimized structures. ”Measured from CDCl; solutions at

¢ Boltzmann-weighted average of 2a—2d according to the DFT population.

to geometry. The theoretical 3/yy coupling constants were calculated
using the gauge-including atomic orbitals (GIAO) method>? at the
B3LYP/DGDZVP level, affording the values listed in Table 1.
Although in several works the coupling constant values of natural
products>?*3#3> were calculated from DFT dihedral angles through
an empirically parametrized equation,®®*” application of the DFT-
GIAO method for the calculation of coupling constants in natural
compounds is a relatively new issue. One example for a biologically
relevant molecule has been explored in detail recently.>® For
lippifoliane conformers 2a—2d, the coupling constants were
calculated using the same method. Each value was Boltzmann-
weighted taking into account the DFT population listed in Figure
S5a—d to integrate the population-weighted average coupling
constants for 2. The good correlation between the two sets of NMR
parameters indicated that the conformations and populations of
lippifoliane 2 in solution are quite similar to those found in the
DFT molecular models.

Once the conformational analysis of 1 and 2 was secured, the
theoretical VCD spectra were generated scaling the vibrational
frequencies with an anharmonicity factor of 0.97. In all vibrational
plots, band shapes are Lorentzian and bandwidths are 6 cm™!. For
africanane 1, which remains in only one highly predominant
conformer (1a), we employed the B3LYP/6-31G(d) and B3LYP/
DGDZVP levels of theory (Figure 2, parts d and c, respectively)
but also included one additional calculation at a higher level using
the B3PW91/DGDZVP2 basis set (Figure 2b). This last calculation
improved the carbonyl stretching region of the spectrum, which
has been shown as a difficult region to obtain reliable spectra due
to the presence of artifacts.?* For lippifoliane 2, individual spectra
were obtained for each conformer 2a—2d to afford four plots for
every basis set. Those corresponding to the B3LYP/DGDZVP level
of theory are depicted in Figure Sa—d. It is interesting to point out
the dramatic change in intensity and phase observed for the
stretching band of the C=C group along the four conformers (Fig-
ure Sa—d). This variation justifies the accurate estimation of the
conformational population when VCD spectroscopy is used. The
four plots were combined according to the molar fraction of each
conformational species to provide the Boltzmann-weighted-averaged
spectra depicted in Figure 3b. The same procedure was applied to
the VCD frequencies arising from the B3LYP/6-31G(d) calcula-
tions, whose final plot is depicted in Figure 3c. The B3LYP/6-
31G(d) level of theory has been used in several studies, affording
reliable enough results to unambiguously establish the absolute
configuration of organic compounds.'*'* In addition we included
calculations at the B3LYP/DGDZVP level, which turned out to be
more accurate (Figure 3) and of faster performance than B3LYP/
6-31G(d) calculations, because the DGauss basis sets such as
DGDZVP are optimized for DFT methods.**

In summary, comparison between the experimental and calculated
VCD spectra showed good agreement (Figures 2 and 3) and clearly

300 MHz.

established that (+)-african-1(5)-ene-2,6-dione (1) has the (4R,
9R,10R) absolute configuration, coincident with that previously
proposed on the basis of its biogenetic relationship with lippifoli-
anes,” while lippifoli-1(6)-en-5-one (2) certainly corresponds to the
(4R,95,10R) enantiomer, as previously found by X-ray diffraction
analysis of 5.7

It can be concluded that VCD spectroscopy can be efficiently
applied to secure the absolute configuration of lippifolianes and
africananes. Full certainty about the absolute configuration of natural
products allows the delineation of biogenetic and evolutive relation-
ships among diverse organisms that contain related secondary
metabolites. The absolute configuration of africanane derivatives
isolated from L. integrifolia (Verbenaceae) is the same as that of
africananes isolated from Pellia epiphylla,®> Porella caespitans,’
and P. swartziana® (Hepaticae), which suggests that africanane
derivatives from higher plants and liverworts could have a similar
biogenetic origin. Concerning the absolute configuration of afri-
cananes isolated from other species, such as the fungus Lep-
tographium lundbergii® and the soft coral Sinularia dissecta,'® no
studies have been yet carried out, although it would be desirable
to explore if the absolute configuration of these africanane deriva-
tives varies according to their origin in nature.

Experimental Section

General Experimental Procedures. VCD and IR measurements
were performed on a dualPEM Chiral/IR FT-VCD spectrophotometer
at BioTools, Inc. (Jupiter, FL). Samples of 1 (5.0 mg) and 2 (5.2 mg)
were dissolved in CCl, (100 L) and placed in a BaF, cell with a path
length of 100 um. In each case, data were acquired at a resolution of
4 cm™! during 6 h.

Molecular Modeling. Geometry optimizations for 1 and 2 were
carried out using the MMFF94 force-field calculations as implemented
in the Spartan’04 program. The systematic conformational search for
the tricyclic structures was achieved with the aid of Dreiding models
considering the two extreme conformations for the five- and seven-
membered rings of 1 and for the two six-membered ring of 2, affording
four combinations in each case. The Emvrr values were used as the
convergence criterion, and a further search with the Monte Carlo
protocol was carried out considering an energy cutoff of 10 kcal/mol.
Only two energy-minimum structures were found for 1 and four for 2.
They were optimized by DFT?? at the B3LYP/6-31G(d), B3LYP/
DGDZVP, and B3PW91/DGDZVP?2 levels of theory for 1 and B3LYP/
6-31G(d) and B3LYP/DGDZVP levels of theory for 2 using the
Gaussian 03W program. The minimized structures were used to
calculate the thermochemical parameters and the IR and VCD frequen-
cies at 298 K and 1 atm. Experimental and calculated rotational
strengths (integrated VCD intensities) were obtained using the Resolu-
tions software version 4.1.0.101 from Varian. To integrate negative
bands, the VCD intensities were multiplied by —1. '"H—'H vicinal
coupling constants were calculated with the GIAO method as imple-
mented in the Gaussian 03W program using the B3LYP/DGDZVP-
optimized structures and the SpinSpin option®” during the NMR job.
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