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The absolute configuration and solution-state conformers of three peperomin-type secolignans isolated
from Peperomia blanda (Piperaceae) are unambiguously determined by using vibrational circular
dichroism (VCD) spectroscopy associated with density functional theory (DFT) calculations. Advantages
of VCD over the electronic form of CD for the analysis of diastereomers are also discussed. This work
extends our growing knowledge about secondary metabolites within the Piperaceae family species while
providing a definitive and straightforward method to assess the absolute stereochemistry of secolignans.

Introduction

The determination of absolute configuration (AC) has often been
a difficult stereochemical problem to solve.1 This is especially
critical in the case of natural product molecules which are predo-
minantly chiral and generally enantiomerically enriched.2 Many
methods have been developed over the years to address this
problem including X-ray diffraction,3 NMR methods4 or stereo-
controlled organic synthesis. However, the former requires high
quality single crystals whereas the latter is usually laborious,
time-consuming, and expensive.5 Furthermore, none of the
methods described above allow direct evaluation of absolute
stereochemistry in solution and without derivatization, where the
latter may become prohibitive based on the small amounts of
natural molecules commonly obtained. As an alternative, chiro-
optical methods, such as vibrational circular dichroism (VCD),
electronic circular dichroism (ECD), Raman optical activity
(ROA), and optical rotatory dispersion (ORD), which result from
the differential interaction of a chiral molecule with left versus

right circularly polarized radiation, have gained increasing
attention.6 The confidence in the use of these methods comes
from remarkable developments of quantum chemical calcu-
lations for reliably predicting vibrational and electronic
spectra as well as the availability of user-friendly dedicated
instrumentation.

VCD was first described in 1974,7 confirmed in 1975,8 and
greatly advanced after the advent of Fourier transform VCD in
the late 70s,9 although the first dedicated FT-VCD spectrometer
was not brought to market until 1997.10 VCD is the extension of
ECD into infrared and near-infrared regions of the spectrum
where vibrational transitions occur within the ground electronic
state of the molecule.1 This technique has many advantages over
other methods widely used since there is no need for single crys-
tals, derivatization or UV-vis chromophores, the latter being
essential for ECD. Due to the wealth of bands and sensitivity of
VCD to molecular conformations, not only is absolute stereo-
chemistry determination feasible but also conformational analy-
sis in solution.5 By comparing the signs and intensities of the
measured VCD spectrum with the corresponding ground elec-
tronic state ab initio density functional theory (DFT) calculated
VCD spectrum of a chosen configuration, one can unambigu-
ously assign the AC of a chiral molecule.11 The applicability of
VCD associated with DFT calculations to AC determination of
chiral natural product molecules has been previously
demonstrated,2,10,12–15 including some examples from our
research group.16–18

Recently, ECD spectroscopy and time-dependent density func-
tional theory (TDDFT) calculations were used to determine the
AC of a novel secolignan (1) with rare cis configuration at the
γ-butyrolactone ring, isolated from Peperomia blanda,19

however, other two similar compounds with one additional
chiral center each could not be investigated due to limitations
inherent to the ECD.
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Peperomia blanda (Jacq.) H.B. & K. belongs to Piperaceae
family and is a perennial herb that typically grows in wet rock
crevices and is found from the northeast to the south of Brazil.20

Although predominantly used as ornamental plants,21 some
members of Peperomia genus containing secolignans are widely
used in traditional Chinese medicine to treat various types of
cancer.22–24 Despite its importance, most of the secolignans
reported in the literature have their AC only partially assigned by
comparison with OR and/or empirical ECD data of similar com-
pounds, with exceptions commonly present.1,16,25,26 In the work
presented here we expand the studies with a special class of bio-
active secolignans, known as peperomins, with the application of
VCD spectroscopy and DFT calculations to confirm the previous
assignment of 1 and to determine unambiguously the absolute
configuration of two new diastereomers, 2 and 3, which
remained undetermined. This is the first time that compound 2
has been isolated from P. blanda and the first time compound 3
is described in nature.

Therefore, this work will help extend our growing knowledge
about secondary metabolites within the Piperaceae family
species, while providing a definitive method to assess the absol-
ute stereochemistry and solution-state conformations of
secolignans.

Results and discussion

Secolignans 1–3 (Fig. 1) were obtained from the EtOAc extract
of the aerial parts of Peperomia blanda. Compound 1 was iso-
lated according to methodology previously described.19 The
EtOAc extract was further subjected to CC over silica gel fol-
lowed by preparative HPLC to afford compounds 2 and 3. Their
structures were elucidated by a combination of spectroscopic
methods, including ultraviolet, infrared, 1D- and 2D-nuclear
magnetic resonance (NMR) as well as high resolution mass spec-
trometry data. Compound 1 was identified as (2R,3S)-2-methyl-
3-[bis(3′,4′-methylenedioxy-5′-methoxyphenyl)methyl]butyro-
lactone previously reported from P. blanda,19 and compound 2
was suggested to be the known secolignan peperomin B, initially
described from P. japonica.27 The relative configuration of 2 was
determined by 1D NOESY experiments. The trans configuration
at the γ-butyrolactone ring of 2 was established by irradiation of
H-3, which resulted in an NOE enhancement for –CH3-6.
Additionally, upon irradiation of H-5 an NOE enhancement was
observed for H-2. Furthermore, irradiation of H-2″/6″ and H-4a
resulted in NOE enhancement for H-2 and H-2′, respectively.
The molecular formula of the novel compound 3 was established
as C23H26O8 by HRMS ([M + Na]+ obsd m/z 453.1518, calcd

453.1519) in combination with extensive NMR analysis. The
1H NMR spectrum (Table 1) exhibited resonances of two meta-
coupled aromatic hydrogens at δ 6.31 (d, H-6′, J = 1.5 Hz) and
6.34 (d, H-2′, J = 1.5 Hz), two chemically equivalent hydrogens
at δ 6.42 (s, H-2″ and H-6″), one methylenedioxy group at δ
5.84 (d, J = 1.5 Hz) and 5.86 (d, J = 1.5 Hz), and three
O-methyl singlets at δ 3.75 (4″–OCH3), 3.79 (3″–OCH3 and 5″–
OCH3), and 3.83 (5′-OCH3). A doublet at δ 1.04 (H-6, J = 7.5
Hz) was assigned to the methyl group at C-2, and signals at δ
3.97 (dd, H-4a, J = 9.0 and 10.0 Hz), 3.86 (br t, H-4b, J = 10.0
Hz), due to the methylene group of the butyrolactone moiety, as
well as a quintet at δ 2.65 (H-2, J = 7.5 Hz), a multiplet at 3.30
(H-3), and a doublet at δ 3.64 (H-5, J = 12.0 Hz), due to three
methine groups, were also observed. A γ-butyrolactone ring was
confirmed by the gHMBC and gHMQC cross-peaks between
H-2, H-4, and H-6 and the lactone carbonyl carbon [δ 179.9
(C-1)]. The 13C NMR data corroborated the presence of the
butyrolactone system, and all signals were accordingly assigned
based on the gHMBC data (Table 1). The relative configuration
of 3 was also determined by 1D NOESY experiments. The cis
configuration at the γ-butyrolactone ring was established by
irradiation of H-3, which resulted in an NOE enhancement for
H-2. Additionally, upon irradiation of H-5 an NOE enhancement
was observed for –CH3-6. Furthermore, irradiation of H-2″/6″
and H-2′ resulted in NOE enhancement for H-2 and H-4b,
respectively. The absolute configuration of each secolignan was
determined by comparing the experimental IR and VCD spectra
with the output of quantum chemistry calculations.

As for compound 1, a thorough conformational analysis was
carried out when its structure and absolute configuration by ECD

Fig. 1 Structure of secolignans 1–3 from the aerial parts of Peperomia
blanda.

Table 1 NMR data of compounds 2 and 3 (CDCl3, 11.7 T)

Position

2 3

1H (δ)a 13C (δ) 1H (δ)a 13C (δ)

1 179.5 179.9
2 2.28 qn (7.5) 40.2 2.65 qn (7.5) 37.7
3 2.83 m 47.2 3.30 m 43.0
4a 4.24 dd (2.0, 8.0) 70.2 3.97 dd (9.0, 10.0) 70.4
4b 3.77 ovb 3.86 br t (10.0)
5 3.55 d (11.5) 56.3 3.64 d (12.0) 50.4
6 0.88 d (7.5) 15.8 1.04 d (7.5) 10.4
1′ 136.1 137.2
2′ 6.42 d (1.5) 101.2 6.34 d (1.5) 101.0
3′ 149.5 149.4
4′ 134.3 134.3
5′ 143.6 143.5
6′ 6.35 d (1.5) 108.1 6.31 d (1.5) 107.5
1″ 137.5 137.3
2″ and 6″ 6.39 s 104.9 6.42 s 104.4
3″ 153.5 153.6
4″ 137.4 136.5
5″ 153.5 153.6
3′,4′-OCH2O 5.87 d (1.5) 101.4 5.84 d (1.5) 101.4

5.88 d (1.5) 5.86 d (1.5)
5′-OCH3 3.85 s 57.0 3.83 s 57.0
3″-OCH3 3.78 s 56.3 3.79 s 56.3
4″-OCH3 3.74 s 60.8 3.75 s 60.8
5″-OCH3 3.78 s 56.3 3.79 s 56.3

a Signals were assigned with the assistance of 1H–1H gCOSY
experiments, J in Hz. bOverlapped.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4208–4214 | 4209
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were first described.19 Based on that, the same lowest-lying opti-
mized conformers identified, which differed mainly with respect
to the relative positioning of the aromatic rings and their substi-
tuents, were now considered for IR and VCD spectral simu-
lation. The excellent agreement between observed and calculated
(B3LYP/6-31G(d)) data (Fig. 2) allowed us to confirm the absol-
ute configuration of (−)-1 as (2R,3S).

Compound 2 differs from 1 and 3 mainly with regard to its
trans configuration at the γ-butyrolactone ring (Fig. 1). Analysis
of spectroscopic data confirmed 2 to have the same structure and
relative configuration at the butyrolactone ring as peperomin B,27

which has never been described in P. blanda. The first time
peperomin B was reported,27 a positive optical rotation, associ-
ated with positive and negative Cotton effects at approximately
275 and 250 nm, respectively, led to the assignment of its AC as
(2S,3S,5S). Upon comparing the experimental data obtained for
2 with literature values, we realized that despite very similar
optical rotation ([α]21D +21.8° [dm g cm−3]−1 (CHCl3; c 0.49)),
the ECD data was not consistent with those reported previously
for peperomin B. Even though a positive Cotton effect was
observed at 275 nm it was followed by a slightly negative and a
strong positive Cotton effect at 260 and 240 nm, respectively.
These discrepancies between our experimental results and the lit-
erature values prompted us to calculate the ECD spectrum of 2
using time-dependent DFT (TDDFT). The eight lowest-energy
optimized conformers identified for both (2S,3S,5S)- and
(2S,3S,5R)-2 (see ESI†), which differ mainly with respect to the
relative positioning of the aromatic rings and their substituents,
were considered for ECD spectral simulation. This approach per-
mitted us to probe all possible configurations within the three

existing chiral centers, taking into account the trans configur-
ation at the γ-butyrolactone ring. The antipodes of the arbitrarily
chosen configurations were generated by multiplying their final
spectra by (−1).

The comparison of experimental and calculated (B3LYP/
6-311G++(2d,2p)//B3LYP/6-31G(d)) ECD spectra of 2 is pre-
sented in Fig. 3. From that, it is possible to observe that both
(2S,3S,5S)- and (2S,3S,5R)-2 calculated spectra are in good
agreement with experimental data. Therefore, ECD cannot be
used to determine unambiguously the absolute configuration of 2
since it is not capable of differentiating C-5 diastereomers. This
fact may arise from the similarity of the two aromatic substitu-
ents at the putative chiral center, which share basically the same
electronic transition properties. Additionally, ECD is referred to
as a lower resolution technique compared to VCD, exhibiting
fewer and broader bands.

Thus, VCD constitutes a good alternative to ECD since it
arises from chiral interactions of vibrations of molecular bonds
(nuclear motions) and its sensitivity to minor structural changes
provides a higher level of analytical power to elucidate absolute
molecular structure, provided conformational flexibility is
addressed accordingly. For that reason, the next step was to cal-
culate the IR and VCD spectra of the same diastereomers
considered in the ECD analysis and compare them with exper-
imental results. Indeed, VCD provided a definitive assignment of

Fig. 2 Comparison of the VCD and IR spectra of the measured (−)-1
with the calculated [B3LYP/6-31G(d)] VCD and IR spectra of the Boltz-
mann average of the seven lowest-energy conformers of the correspond-
ing (2R,3S)-1. The comparison establishes the absolute configuration of
this molecule as (−)-(2R,3S)-1. Numbers represent fundamental
vibrational modes.

Fig. 3 Comparison of the ECD spectrum of the measured (+)-2 (lower
frame) with the calculated [B3LYP/6-311G++(2d,2p)//B3LYP/6-31G(d)]
ECD spectra of the Boltzmann average of the eight lowest-energy con-
formers of the corresponding (2S,3S,5S)-2 (upper frame red) and
(2S,3S,5R)-2 (upper frame black). Bars represent rotational strengths for
the weighted ECD spectra.

4210 | Org. Biomol. Chem., 2012, 10, 4208–4214 This journal is © The Royal Society of Chemistry 2012
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(+)589-2 as (2S,3S,5S) (Fig. 4). Therefore, compound 2 was
confirmed to be peperomin B.27 In spite of the same overall
shape, the VCD spectra of the diastereomers (2S,3S,5S)- and
(2S,3S,5R)-2 presented some distinct features which led to the
correct assignment (Fig. 5). The vibrational transitions at 1270
and 1305 cm−1 present in (2S,3S,5S)-2 and replaced by a single
transition at 1290 cm−1 in (2S,3S,5R)-2 were crucial to dis-
tinguishing between the epimers. Such transitions represent
mainly bending vibrations involving the C–H group at the chiral
center C-5. Finally, for the assignment of (+)-(2S,3S,5S)-2 the
output of the confidence level algorithm28 was Δ = 66.2 and
confidence level of 100%, whereas for the diastereomer
(2S,3S,5R)-2 it was Δ = 47.8 with a confidence level of 78%.

For compound 3, the same approach was used in order to
determine its AC. As this is the first time this secondary metab-
olite is described in nature, there was no appropriate model to
which its ECD spectrum could be compared. Thus we proceeded
with the construction of the computational model, conformation-
al search, geometry optimization, and simulation of both ECD
and VCD spectra. As a result eight lowest-energy conformers
were identified at the B3LYP/6-31G(d) (see ESI†) level and used
to create the Boltzmann-weighted composite ECD and VCD
spectra. Once again, the TDDFT-calculated ECD (B3LYP/
6-311G++(2d,2p)) spectra for the two diastereomers possible at
C-5, taking into account now the cis relative configuration at the
γ-butyrolactone ring, were basically identical, thus preventing
the unambiguous assignment of the absolute configuration of
(−)-3 (Fig. 6). Even though compounds 1 and 3 possess the
same cis relative configuration at the butyrolactone ring as well
as the same sign and comparable magnitude of the optical

rotation, compound 3 presents one additional chiral center and
must not be directly compared with 1.

Interestingly, the calculated IR and VCD at the B3LYP/6-31G(d)
level were not accurate enough to differentiate diastereomers, so

Fig. 4 Comparison of the VCD and IR spectra of the measured (+)-2
with the calculated [B3LYP/6-31G(d)] VCD and IR spectra of the Boltz-
mann average of the eight lowest-energy conformers of the correspond-
ing (2S,3S,5S)-2. The comparison establishes the absolute configuration
of this molecule as (+)-(2S,3S,5S)-2. Numbers represent fundamental
vibrational modes.

Fig. 5 Superposition of the calculated [B3LYP/6-31G(d)] VCD spectra
of the Boltzmann average of the eight lowest-energy conformers of the
corresponding (2S,3S,5S)-2 (black) and (2S,3S,5R)-2 (red). Numbers
represent distinct vibrational transitions between the two diastereomers
used to assign the absolute configuration of (+)-2 as (2S,3S,5S).

Fig. 6 Comparison of the ECD spectrum of the measured (−)-3 (lower
frame) with the calculated [B3LYP/6-311G++(2d,2p)//B3LYP/6-31G(d)]
ECD spectra of the Boltzmann average of the eight lowest-energy con-
formers of the corresponding (2R,3S,5S)-3 (upper frame red) and
(2R,3S,5R)-3 (upper frame black). Bars represent rotational strengths for
the weighted ECD spectra.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4208–4214 | 4211
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we decided to recalculate the spectra using a larger basis set
(TZVP), which uses a Gaussian basis set of triple ζ valence
quality augmented by polarization functions, and the
B3PW91 hybrid functional.29 Indeed, the new calculations gen-
erated a much better result and allowed the assignment of (−)-3
as (2R,3S,5S). The comparison of experimental and calculated
(B3PW91/TZVP) VCD spectra for 3 and the lowest-energy con-
formers identified, which differ mainly with respect to the rela-
tive positioning of the aromatic rings and their substituents, are
presented in Fig. 7 and 8, respectively.

In this case, both diastereomers presented the same overall
shape for their IR and VCD spectra, however the vibrational
transitions at 1210 and 1240 cm−1 (Fig. 9), which correspond to
bending vibrations involving the C–H group as well as the other
substituents bonded to the stereogenic carbon C-5, were critical
for the assignment of (−)-3 as (2R,3S,5S). For this assignment
the output of the confidence level algorithm was Δ = 67.9 and
confidence level of 100%.

Conclusion

Comparison of experimental and calculated IR and VCD spectra
of three secolignans isolated from P. blanda (Piperaceae) estab-
lished their AC and conformer distributions directly in CDCl3
solution. This is the first time that compound 2 is reported from
P. blanda and that compound 3 is described in nature. The
advantages of using VCD over ECD to determining the AC of
diastereomeric natural product molecules were clearly demon-
strated. The three compounds were assigned as follows:
(−)-(2R,3S)-1, (+)-(2S,3S,5S)-2, and (−)-(2R,3S,5S)-3. For those

molecules with the rare cis relative configuration at the γ-butyro-
lactone ring, namely 1 and 3, the same absolute configuration
(2R,3S) was found which may suggest that their formations
proceed via the same biosynthetic pathway. Therefore, this work
extends our growing knowledge about secondary metabolites
within the Piperaceae family species while providing a definitive
and straightforward method to assess absolute stereochemistry of
secolignans.

Fig. 7 Comparison of the VCD and IR spectra of the measured (−)-3
with the calculated [B3PW91/TZVP] VCD and IR spectra of the Boltz-
mann average of the eight lowest-energy conformers of the correspond-
ing (2R,3S,5S)-3. The comparison establishes the absolute configuration
of this molecule as (−)-(2R,3S,5S)-3. Numbers represent fundamentals.

Fig. 8 Optimized structures and relative energy of the eight lowest-
energy conformers of (2R,3S,5S)-3 at the B3PW91/TZVP level.

Fig. 9 Superposition of the calculated [B3PW91/TZVP] VCD spectra
of the Boltzmann average of the eight lowest-energy conformers of the
corresponding (2R,3S,5R)-3 (black) and (2R,3S,5S)-3 (red). Numbers
represent distinct vibrational transitions between the two diastereomers
used to assign the absolute configuration of (−)-3 as (2R,3S,5S).

4212 | Org. Biomol. Chem., 2012, 10, 4208–4214 This journal is © The Royal Society of Chemistry 2012
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Experimental

General

One-dimensional (1H, 13C, DEPT, and gNOESY) and two-
dimensional (gCOSY, gHMBC and gHMQC) were recorded on
a Varian Inova-500 (11.7 T) spectrometer at 500 MHz (1H) and
125 MHz (13C) using CDCl3 as solvent and TMS as reference.
HRESIMS was measured using a Bruker Daltonics model ultrO-
TOFQ ESI-TOF instrument. The optical rotations were measured
in CHCl3 at 589 nm in a digital polarimeter JASCO model
DIP-370, and the UV spectra recorded in MeOH using an HP
8452 A spectrophotometer. Separations by column chromato-
graphy (CC) were carried out using silica gel (230–400 mesh;
Merck). All solvents were redistilled prior to use. HPLC separ-
ations were performed on a Varian PrepStar model SD-1 LC/
UV-vis chromatograph equipped with a Phenomenex C-18
reversed phase column (250 × 21.2 mm). IR and VCD spectra of
1–3 were recorded with a Dual-PEM ChiralIR-2XTM FT-VCD
spectrometer (BioTools, Jupiter, FL) using a resolution of
4 cm−1 and a collection time of 12 h. The optimum retardation
of the two ZnSe photoelastic modulators (PEMs) was set at
1400 cm−1. VCD spectra were measured with the dual-PEM
option by subtracting in real time the VCD spectra associated
with each of the two PEMs as previously described.30 Spectra
were calibrated automatically, using the standard calibration files.
Minor instrumental baseline offsets were eliminated from the
final VCD spectra by subtracting the VCD spectra of 1–3 from
that obtained for the solvent under the same conditions. VCD
spectra were recorded in CDCl3 solution (6.5 mg of 1 in 100 µL
of CDCl3, 5.0 mg of 2 in 100 µL of CDCl3, and 6.3 mg of 3 in
200 µL of CDCl3, all in a BaF2 cell with 100 µm path length).
The ECD spectra of each compound eluting from the HPLC
were measured in the Jasco CD-2095 detector by trapping in a
1.0 cm quartz cell through a switching valve. The spectra were
average computed over three instrumental scans and the intensi-
ties are presented in terms of ellipticity values (mdeg). The ECD
spectra were corrected by baseline subtraction obtained from a
measurement of the same solvent used (acetonitrile–H2O 50 : 50
+ 0.5% formic acid).

Plant material

The aerial parts of Peperomia blanda (Jacq.) H.B. & K. were
collected at Reserva da Ripasa, Ibaté – SP, Brazil in January of
2008 and identified by Dra. Elsie Franklin Guimarães. Avoucher
specimen (Kato-547) has been deposited at the Herbarium of
the Instituto de Biociências, Universidade de São Paulo, São
Paulo – SP, Brazil.

Isolation of compounds

Dried aerial parts (86 g) of P. blanda were milled, extracted with
EtOAc, and the extract concentrated under vacuum to yield
8.5 g. The extract was resuspended in MeOH–H2O (4 : 1) and
partitioned with hexanes, CH2Cl2, and EtOAc, successively. The
portion soluble in CH2Cl2 (1.95 g) was subjected to CC over
silica gel and eluted with a gradient of hexanes–EtOAc to yield
fractions 1–14. Fraction 10 (0.875 g) was subjected to

preparative HPLC and eluted with isocratic MeOH–H2O (1 : 1)
at a flow rate of 13 mL min−1 to afford compounds 2 (69.4 mg,
tR = 34.2 min) and 3 (60.5 mg, tR = 31.2 min). The enantiomeric
excess (ee > 95%) for each compound was determined by HPLC
using commercial analytical chiral column Chiralcel OD-RH
(250 × 4.6 mm, 5 μm, 50% ACN–H2O with 0.5% formic acid,
0.7 mL min−1, 280 nm).

Computational methods

All DFT and TDDFT calculations were carried out at 298 K in
gas phase with Gaussian 09.31 Regarding compound 1, the steps
of conformational search and geometry optimization were pre-
viously described.19 As for compounds 2 and 3, calculations
were performed for the arbitrarily chosen (2S,3S,5S)- and
(2S,3S,5R)-2 as well as (2R,3S,5S)- and (2R,3S,5R)-3. Confor-
mational searches were carried out at the molecular mechanics
level of theory employing MM+ and MMFF force fields incor-
porated in Hyperchem 7 and Spartan 08 software packages,
respectively. For (2S,3S,5R)-2, 31 conformers with relative
energy (rel E.) within 6 kcal mol−1 of the lowest-energy confor-
mer were selected and further geometry optimized at the B3LYP/
6-31G(d) level. Among the 11 conformers with rel E. <1.5 kcal
mol−1, the eight lowest-energy conformers, which correspond to
85% of the total Boltzmann distribution, were selected for ECD
and VCD spectral calculation. The same eight lowest-energy
conformers identified for (2S,3S,5R)-2 were then used to create
its diastereomer (2S,3S,5S)-2, by inverting the chiral centre at
C-5. These conformers were further geometry optimized at the
same level of theory. The Boltzmann factor for each conformer
was calculated based on Gibbs free energy. Vibrational analysis
at the B3LYP/6-31G(d) level resulted in no imaginary frequen-
cies, confirming the considered conformers as real minima.
TDDFT was employed to calculate excitation energy (in nm) and
rotatory strength R in dipole velocity (Rvel in cgs units: 10−40 erg
esu cm Gauss−1) form, at the B3LYP/6-311G++(2d,2p) level.
The calculated rotatory strengths from the first 20 singlet →
singlet electronic transitions were simulated into an ECD curve
using Gaussian band shapes and 10 nm half-width at 1/e of peak
height. The predicted wavelength transitions were used as such
without any scaling. IR and VCD spectra for both 1 and 2 were
created using dipole and rotational strengths from Gaussian,
which were calculated at the B3LYP/6-31G(d) level and con-
verted into molar absorptivities (M−1 cm−1). Each spectrum was
plotted as a sum of Lorentzian bands with half-widths of
6 cm−1. The calculated wavenumbers were multiplied with a
scaling factor of 0.97 and the Boltzmann-population-weighted
composite spectra were plotted using Origin software. For
(2R,3S,5R)-3, 32 conformers with rel E. within 6 kcal mol−1 of
the lowest-energy conformer were selected and further geometry
optimized at the B3LYP/6-31G(d) level. Among the 16 confor-
mers with rel E. <1.5 kcal mol−1, the eight lowest-energy confor-
mers, which correspond to 75% of the total Boltzmann
distribution, were selected for ECD and VCD spectral calcu-
lation. The same eight lowest-energy conformers identified for
(2R,3S,5R)-3 were then used to create its diastereomer
(2R,3S,5S)-3, by inverting the chiral centre at C-5. These confor-
mers were further geometry optimized at the same level of
theory. The Boltzmann factor for each conformer was calculated
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based on Gibbs free energy. Vibrational analysis at the B3LYP/
6-31G(d) level resulted in no imaginary frequencies, confirming
the considered conformers as real minima. TDDFT was also
employed to calculate excitation energy (in nm) and rotatory
strength R in dipole velocity (Rvel in cgs units: 10−40 erg esu cm
Gauss−1) form, at the B3LYP/6-311G++(2d,2p) level. The calcu-
lated rotatory strengths from the first 10 singlet → singlet elec-
tronic transitions were simulated into an ECD curve using
Gaussian band shapes and 10 nm half-width at 1/e of peak
height. Initially, IR and VCD spectra for 3 were created using
dipole and rotational strengths calculated at the B3LYP/6-31G(d)
level. However, for the final IR and VCD spectral simulation,
the lowest-lying conformers were further geometry optimized
using the model chemistry B3PW91/TZVP and the dipole and
rotational strengths were calculated at the same level of theory.
The predicted wavenumbers were then multiplied with a scaling
factor of 0.98 and the final spectra plotted as a sum of Lorentzian
bands with half-widths of 6 cm−1.

(2R,3S,5S)-2-Methyl-3-[5(3′,4′-methylenedioxy-5′ methoxyphenyl)-
5-(3′,4′,5′-trimethoxyphenyl)metil]butyrolactone (3)

Pale yellow oil, [α]21D −55.3° [dm g cm−3]−1 (CHCl3; c 0.49).
UV (MeOH) λmax: 224, 247, 275 nm. 1H and 13C NMR see
Table 1. HRMS/ESI-TOF m/z (rel. int.): 453.1518 [M + Na]+

(98), (calcd for C23H26O8Na, 453.1519).
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