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ABSTRACT
Fargesin is an important bioactive furofuran lignan isolated from different plant species. Despite presenting potent biological 
activities, its stereochemical characterization has relied mostly on empirical correlations of optical rotation, an approach con-
sidered risky that commonly leads to misassignments and error propagation. Additionally, the enantiomeric purity of fargesin 
isolates used for biological assays has not been previously investigated. Herein, we report the enantioresolution of a scalemic 
mixture of fargesin isolated from Aristolochia warmingii along with the first unambiguous determination of the absolute config-
uration of each enantiomer by means of optical rotatory dispersion, as well as electronic and vibrational circular dichroism aided 
by quantum- chemical calculations.

1   |   Introduction

Fargesin (1, also known as methylpluviatilol) (Figure 1) is a fu-
rofuran lignan first reported in 1972 from the dried flower buds 
of Magnolia fargesii (Magnoliaceae), one of the constituents of 
the Chinese traditional drug “Shin- i” [1]. Since then, numerous 
biological activities have been reported for fargesin, including 
antiprotozoal and antimycobacterial [2], anti- inflammatory [3], 
anticancer [4], antiathrerosclerotic [5], antiarthritic [6], antialler-
gic [7], allelopathic [8], among others [9]. Interestingly though, 
the enantiomeric purity and the absolute configuration of the 
tested lignans were not assessed in any of the abovementioned 
biological activity investigations. Although no specific rotation 
was provided for 1 in its first report, both dextrorotatory [10, 11] 
and levorotatory [12, 13] fargesin have been described from dif-
ferent plant species over the years, making its unambiguous ste-
reochemical characterization critical for the correct evaluation 

of biological activities. Regarding the absolute configuration 
of fargesin, many of the assignments reported so far have been 
based on empirical correlations of optical rotation obtained for 
structurally related molecules [10, 14]. The stereo- controlled 
total syntheses of both racemic and (+)- fargesin have also been 
described [15–17]; however, the only chiroptical data provided 
for synthetic (+)- fargesin was its specific rotation at 589 nm.

As part of our program devoted to phytochemical investigations of 
Aristolochiaceae species, (−)- fargesin was recently isolated from 
Aristolochia warmingii [18]. Surprisingly, the specific rotation 
measured for the isolated lignan was close to zero {[α]D

25 = −4.0 
(c = 0.1, CHCl3)}, in contrast with literature reports and suggest-
ing the presence of a scalemic mixture. Scalemic mixtures are a 
rather common feature in natural product chemistry, although 
largely overlooked [19, 20]. Furofuran lignans in particular may 
be considered a major class of scalemic natural products with one 
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interesting example being pinoresinol, for which different en-
antiomers can accumulate in different organs of the same plant 
[20]. That prompted us to evaluate the enantiomeric purity of 1 by 
means of chiral HPLC, which led to the semipreparative resolution 
of fargesin enantiomers. With both enantiomers in hands, it was 
possible to unambiguously assign their absolute configurations 
using optical rotatory dispersion (ORD), electronic (ECD), and 
vibrational circular dichroism (VCD) spectroscopies associated 
with density functional theory (DFT) calculations. This is the first 
report of the isolation of a scalemic mixture of fargesin, its enan-
tioresolution, and the unambiguous assignment of the absolute 
configuration of its enantiomers by means of chiroptical spectros-
copy and quantum- chemical calculations. This approach has prac-
tical advantages when compared to stereoselective total synthesis, 
besides providing information about both the absolute configura-
tion and preferential conformations in solution- state.

2   |   Materials and Methods

2.1   |   Plant Material and Fargesin Isolation

The procedures for the isolation of fargesin from Aristolochia 
warmingii (Aristolochiaceae) as well as its structural identifica-
tion and relative configuration assignment using NMR and MS 
data were described in Reference [18].

2.2   |   General

The chiral HPLC analyses were performed using a JASCO chro-
matograph equipped with a LC- NetII/ADC controller, PU- 2086 
Plus pumps, AS- 2055 Plus automatic injector, CO- 2060 Plus 
column thermostat, and MD- 2018 Plus photodiode array and 
CD- 2095 Plus detectors. Enantioresolutions were performed on 
a CHIRALCEL® OD- RH column (Daicel, 4.6 × 150 mm, 5 μm), 
ACN/H2O 50:50, 1 mL min−1 flow rate, λ = 280 nm ([−]- 1 at 
15.25 min and [+]- 1 at 18.74 min), CHIRALPAK® IC column 
(Daicel, 4.6 × 250 mm, 5 μm), Hex/EtOH 80:20, 1 mL min−1 flow 
rate, λ = 280 nm ([−]- 1 at 34.66 min and [+]- 1 at 56.67 min) and 
Lux Cellulose- 1 column (Phenomenex®, 4.6 × 250 mm, 5 μm), 
Hex/EtOH 75:25, 1 mL min−1 flow rate, λ = 280 nm ([−]- 1 at 
16.85 min and [+]- 1 at 25.79 min). Fargesin (1, 15.0 mg) was sub-
mitted to semipreparative separation using CHIRALCEL® OD- 
RH column to give (−)- 1 (6.6 mg) and (+)- 1 (6.0 mg).

ORD was measured in chloroform, acetonitrile, and metha-
nol, at 589, 578, 546, 436, 405, and 365 nm, using a Jasco P2000 
polarimeter equipped with sodium and mercury lamps, along 
with appropriate filters. Sample concentration was kept at 
0.25 mg mL−1, and the optical rotation was recorded using a cy-
lindrical glass sample cell of 1 dm pathlength and 10 mm ID. OR 
values were reported as a mean of three to five measurement 
blocks of five repetitions each. IR and VCD experimental spec-
tra were recorded simultaneously with a BioTools dual- PEM 
ChiralIR- 2X FT- VCD spectrometer using a resolution of 4 cm−1 
and a collection time of 12 h. The optimum retardation of the 
ZnSe photoelastic modulators (PEMs) was set at 1400 cm−1. The 
IR and VCD spectra of fargesin enantiomers were recorded in 
CDCl3 solution (4.0 mg in 130 mL) in a BaF2 cell with 100 μm 
path length. Minor instrumental baseline offsets were elim-
inated by subtracting the VCD spectra of the enantiomers fol-
lowed by division by 2 (half difference). The UV and ECD 
spectra of fargesin enantiomers were recorded with a Jasco J- 
850 spectrometer in the 210-  to 400- nm region using the follow-
ing parameters: bandwidth 0.5 nm; response 1 s; scanning speed 
100 nm min−1; three accumulations; room temperature (25°C); 
sample in methanol and acetonitrile solutions; 0.1 cm cell path 
length; and concentration 0.1 mg mL−1.

2.3   |   Chiroptical Properties Calculations

The conformational search of fargesin (1) was carried out at the 
molecular mechanics level of theory employing both the MM+ 
and MMFF force fields incorporated in HyperChem 8.0.10 
and Spartan 08 software packages, respectively. The DFT 
calculations were carried out at 298 K in either chloroform or 
acetonitrile solutions using the polarizable continuum model 
(PCM) in its integral equation formalism version (IEFPCM), 
incorporated in Gaussian 09 software [21]. The configuration 
7R,8S,7′S,8′S was arbitrarily chosen for 1 based on the rela-
tive configuration described in ref 18. The VCD, ECD, and OR 
properties of its enantiomer were obtained by multiplying the 
calculated data by (−1). Initially, 36 conformers were identified 
for 1 within a 10 kcal mol−1 energy window. These conformers 
were then geometry optimized at the B3PW91/PCM (CHCl3)/6- 
311G(d,p) and B3PW91/PCM(ACN)/6- 311G(d,p) levels. The 
five (CHCl3) and four (ACN) lowest energy conformers of 1, FIGURE 1    |    Chemical structures of fargesin (1) enantiomers.
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with relative energy (rel E.) < 2.0 kcal/mol, were selected for 
IR/VCD, UV/ECD and OR calculations. IR and VCD were 
simulated at the B3PW91/PCM(CHCl3)/6- 311G(d,p) level, and 
the spectra were created using dipole and rotational strengths 
from Gaussian, which were converted into molar absorptivity 
(M−1 cm−1). Each spectrum was plotted as a sum of Lorentzian 
bands with half- widths at half- maximum (HWHM) of 6 cm−1. 
The calculated wavenumbers were multiplied with a scal-
ing factor of 0.975, and the Boltzmann- average- composite 
IR and VCD spectra were plotted using Origin software. UV 
and ECD spectra for 1 were calculated at the CAM- B3LYP/
PCM(ACN)/TZVP on geometries obtained at the B3PW91/
PCM (ACN)/6- 311G(d,p) level. Vibrational analysis at the 
level used for geometry optimizations resulted in no imagi-
nary frequencies for all conformers, confirming them as real 
minima. TDDFT was employed to calculate the excitation 
energy (in nm) and rotatory strength R in the dipole velocity 
(Rvel in cgs units: 10−40 esu2 cm2) form. The calculated rotatory 
strengths from the first 30 singlet → singlet electronic transi-
tions were simulated into an ECD curve using Gaussian bands 
with HWHM of σ 0.15 eV. The predicted wavelength transi-
tions were multiplied with a scaling factor of 1.06, determined 
by the best agreement between the experimental and calcu-
lated UV spectra, and the composite spectra were plotted as 
Boltzmann averages of the lowest- energy conformers (CAM- 
B3LYP/PCM(ACN)/TZVP electronic energies). ORD proper-
ties were calculated at 589, 578, 546, 436, 405, and 365 nm at 
the B3LYP/6−311++(d,p) level in chloroform and acetonitrile 
solutions using PCM. Discrete specific rotation values at each 
wavelength of individual conformers were Boltzmann aver-
aged using B3PW91/6- 311G(d,p) Gibbs free energies.

3   |   Results and Discussion

The furofuran lignan fargesin was isolated from the leaves 
of Aristolochia warmingii (Aristolochiaceae) [18]. As the spe-
cific rotation measured for the isolated lignan was close to 
zero {[α]D

25 = −4.0 (c = 0.1, CHCl3)}, we proceeded with the 
development of a chiral HLPC method for the investigation of 
its enantiomeric purity. Enantioresolution of 1 was observed 
using a CHIRALCEL® OD- RH (Daicel) column. Peak areas 
indicated a small excess (~4%) of the levorotatory lignan. 
Similar separation conditions have already been described for 
other furofuran lignans [22–27]. Semipreparative purification 
of the enantiomers of fargesin was then performed, and the 
separated enantiomers were analyzed using CHIRALPAK® 
IC (Daicel) and Lux Cellulose- 1 (Phenomenex®) columns. 
Chromatograms are presented in the Supporting Information 
(Figures S1–S5).

As previously mentioned, the absolute configuration of fargesin 
was originally assigned by means of empirical comparisons of 
specific rotation recorded for structurally related compounds 
[10, 14]. These assignments were based on the important work 
of Freudenberg and Sidhu [28] who, in the early 1960s, inves-
tigated the absolute configuration of sesamin and pinoresinol 
derivatives through chemical correlation and optical rotation 
studies. They concluded that dextrorotatory furofuran lignans 
had R- configured bridge carbons C- 8 and C- 8′, whereas the 
etherified carbons C- 7 and C- 7′ could be deduced by means 

of the shift rule of the optical rotation. Following this empir-
ical rule, the authors of References [10] and [14] assigned the 
absolute configuration of (+)- fargesin as 7S,8R,7′R,8′R. It is im-
portant to mention, however, that in Reference [10], the relative 
configuration of fargesin (methylpluviatilol, compound 8) was 
drawn incorrectly. Given the lack of an unambiguous assign-
ment of the absolute configuration of fargesin enantiomers by 
means of chiroptical spectroscopy, herein, we use a combina-
tion of chiroptical methods associated with quantum- chemical 
calculations for the stereochemical investigation of 1. Because 
most of the assignments were based on optical rotation, the first 
chiroptical property investigated was ORD. In order to assess 
the impact of different solvents on the specific rotation of 1, 
measurements were performed in chloroform, methanol, and 
acetonitrile. The results obtained at 589 nm in chloroform for 
the (+)- enantiomer were similar to that reported in the literature 
{[α]D

24 = +103.3 (c = 0.014, CHCl3), lit. [α]D
20 = +112.7 (c = 1.1, 

CHCl3) [29]}; however, the specific rotation observed for the iso-
lated (−)- enantiomer was significantly larger than literature re-
sults, indicating a scalemic mixture for the latter {[α]D

23 = −127.5 
(c = 0.017, CHCl3), lit. [α]D

25 = −54.7 (c = 0.3, CHCl3) [12]}. 
Experimental ORD results were compared to calculated data at 
six discrete wavelengths, 589, 578, 546, 436, 405, and 365 nm. 
The experimental dispersion curves observed for (−)- 1 in chlo-
roform and acetonitrile presented similar profiles and specific 
rotation magnitudes (Figure 2 and Table S1), suggesting simi-
lar conformations for 1 in these solvents. The dispersion curve 
obtained in methanol, however, presented some discrepancies 
in the lower wavelength region (Figure S6). The very good cor-
relation between experimental and calculated ORD data both in 
chloroform and acetonitrile (Figure 2) allowed the assignment 
of (−)- 1 as 7R,8S,7′S,8′S, in accordance with literature results.

The second chiroptical method used to investigate the stereo-
chemistry of 1 was ECD. UV and ECD spectra of fargesin en-
antiomers were recorded both in methanol and acetonitrile, 
resulting in almost superimposable spectra (Figures  3 and 
S7). TDDFT calculations were performed at the CAM- B3LYP/
PCM(ACN)/TZVP, and the very good correlation between ex-
perimental and calculated data (Figure 3) led to the assignment 

FIGURE 2    |    Comparison of experimental ORD of (−)- fargesin (1) 
in chloroform and acetonitrile with calculated [B3LYP/PCM(CHCl3 or 
ACN)/6−311++(d,p)] data for 7R,8S,7′S,8′S- 1. See ESI for lowest energy 
conformers.
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of (−)- fargesin as 7R,8S,7′S,8′S and, consequently, (+)- fargesin 
as 7S,8R,7′R,8′R, corroborating ORD results. The Cotton effects 
(CE) at around 240 and 290 nm present in the ECD spectra of 
the enantiomers of 1 are also commonly observed for structur-
ally related lignans. Their exact excitation energy and relative 
signs, however, seem to vary depending both on the relative con-
figuration of the bicyclic tetrahydrofurofuran moiety as well as 
the aromatic rings substitution patterns [24–26, 28]. Analysis of 
natural transition orbitals (NTO) involved in the electronic tran-
sitions of the above- mentioned ECD bands revealed the Cotton 
effects at 290 nm (CE+) and 240 nm (CE−) in 7R,8S,7′S,8′S- 1 
to arise from n- π* and π- π* transitions involving both substi-
tuted aromatic rings (MO98 HOMO to MO99 LUMO and MO97 
HOMO- 1 to MO100 LUMO+1) (Figure S8). Investigation of the 
canonical orbitals underlying the negative CE at 240 nm also in-
dicated charge transfer components between the two aromatic 
rings (MO97 HOMO- 1 to MO100 LUMO+1, MO97 HOMO- 1 
to MO102 LUMO+3, and MO98 HOMO to MO101 LUMO+2) 
(Figure S9).

Finally, VCD spectroscopy was employed to assess the absolute 
configuration of fargesin enantiomers. Excellent agreements 
were observed between experimental and calculated spectra 
(Figure 4) leading to the assignment of (−)- 1 as 7R,8S,7′S,8′S and 
(+)- 1 as 7S,8R,7′R,8′R, corroborating ORD and ECD results. The 

main features observed in the experimental spectra, namely, 
the −, +, − band pattern centered at 1080 cm−1 and the couplet 
like signal −, + centered at 1250 cm−1 were found to arise mostly 
from C- C and C- O stretches along with CH2 rocking of the bicy-
clic furofuran ring for the lower wavenumber feature, whereas 
the 1250 cm−1 couplet involved C- O stretches of the aromatic 
ring substituents coupled with in- plane aromatic C- H bendings 
as well as methine C- H bendings of the stereogenic carbons of 
the furofuran moiety. The more localized vibrations directly 
comprising the stereocenters of the molecule make VCD a more 
sensitive and reliable tool for stereochemical investigations of 
this class of compounds. Although VCD has been applied to a 
large variety of secondary metabolites [30], no previous reports 
on the use of VCD for absolute configuration assignments of fu-
rofuran lignans were found in the literature.

4   |   Conclusion

A scalemic mixture of the furofuran lignan fargesin was reported 
for the first time from Aristolochia warmingii. Its enantiomeric 
resolution as well as the assignment of the absolute configura-
tion of each enantiomer was achieved by means of chiral HPLC, 
chiroptical spectroscopy, and quantum- chemical calculations. 

FIGURE 3    |    Comparison of experimental UV and ECD spectra of 
fargesin (1) enantiomers in acetonitrile with calculated [CAM- B3LYP/
PCM(ACN)/TZVP] data for 7R,8S,7′S,8′S- 1. See ESI for lowest energy 
conformers.

FIGURE 4    |    Comparison of experimental IR and VCD spectra 
of fargesin (1) enantiomers in CDCl3 with calculated [B3PW91/
PCM(CHCl3)/6−311G(d,p)] data for 7R,8S,7′S,8′S- 1. See ESI for lowest 
energy conformers. Asterisks represent selected band assignments.
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Even though the absolute configuration reported in the literature 
based on empirical correlations, and further supported by stereo-
selective total synthesis, was proven correct, the results presented 
herein demonstrate the importance of assessing the enantiomeric 
purity of furofuran lignans as well as using a combination of chi-
roptical methods and DFT calculations for their stereochemical 
investigations. The unambiguous assignment of the absolute con-
figuration of fargesin enantiomers as (−)- (7R,8S,7′S,8′S)- 1 and 
(+)- (7S,8R,7′R,8′R)- 1 is very relevant considering the plethora 
of biological activities reported for this compound and the gen-
eral lack of correlation between stereochemistry and biological 
potential. Further structural and stereochemical investigations 
of furofuran lignans will benefit from the wealth of information 
provided by electronic and vibrational chiroptical spectroscopies 
aided by quantum- chemical calculations.
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