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Three Sesquiterpenoid Dimers from Chloranthus japonicus. Absolute
Configuration of Chlorahololide A and Related Compounds

Abstract: A novel sesquiterpenoid dimer, named multistalide
C (1), together with two known congeners, shizukaols C (2)
and D (3), was isolated from the whole plant of Chloranthus
Jjaponicus Sieb. The structures of compounds 1-3 were
elucidated by extensive HR-ESI-MS, 1D and 2D NMR
spectroscopic analysis. Compounds 1-3 exhibited significant
toxic effects on brine shrimp larvae (Artemia salina).

The absolute configuration of 1 was established by
CD/TDDFT calculations. The related compound chlorahololide
A was also reinvestigated. The previous assignment of the
absolute configuration of chlorahololide A and several related
sesquiterpenoid dimers, based on an incorrect application of
the exciton chirality method, is criticized.
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Introduction

The genus Chloranthus (Chloranthaceae) is mainly distributed
over the east of Asia, and it comprises 13 species and five
varieties in China."? Chloranthus japonicus Sieb (‘yin-xian-cao’
in Chinese) has been long used in traditional Chinese medicine
for the treatment of bone fractures, trauma, rheumatism, and
cough.*® The previous phytochemical investigations on this
plant have resulted in the isolation of a number of
sesquiterpenoid dimers.>® Some of them were reported to
show multi-biological activities, such as antifungal, potent and
selective tumor growth-inhibitory, inhibition of cell adhesion
molecule expression and tyrosinase.'%"?

As part of our ongoing search for new bioactive natural
products from the traditional Chinese herbal medicines in the
Qinba Mountains,""” chemical studies of the whole plant of C.
Japonicus were carried out, leading to the discovery of a new
sesquiterpenoid dimer, named multistalide C (1), together with
two known compounds, shizukaols C and D (2 and 3) (Chart 1).
Herein, we describe the isolation, structural identification,
including the absolute configuration, and brine shrimp larvae
toxicity of the three compounds. Since compound 1 is
structurally related to chlorahololide A (4), this latter compound
was also reconsidered. In fact, the absolute configuration of
chlorahololide A" and several related sesquiterpenoid dimers
has been assigned using the exciton chirality method,®?' but
without the necessary prerequisites for the application of this
well-known approach. The limitations of the exciton chirality
method for this family of chlorahololide analogues are
discussed in details.

Materials and Methods

General experimental procedures: NMR Spectra were recorded
with a Bruker AV-500 instrument, using TMS as internal
standard. Mass spectra (HR-ESI-MS and ESI-MS) were
recorded with a ThermoFisher Q-Exactive spectrometer. IR
spectra were recorded with a Shimadzu FTIR-8900 instrument.
UV spectra were recorded with a Shimadzu UV-2401A
spectrophotometer. ECD spectra were recorded with a Jasco J-

810 spectropolarimeter. Optical rotations were measured with a
Rudolph Autopol-Automatic polarimeter, Silica gel (SiO: 100-
200, 200-300 mesh) was acquired from Qingdao Marine, China.
MCI gel (75-150 pm) was acquired from Mitsubishi, Japan.
HPLC separations were run with RP-18 (LiChroprep, 25-40, 40-
63 um; YMC, Japan) and Sephadex LH-20 columns (Pharmacia,
Sweden).

Plant material: The whole plant of C. japonicus was collected in
Taibai mountain of Qinling area, Shaanxi province, P.R.China in
2013, and was identified by Dr. Zhou, Y. F. of Xi’an Botanical
Garden, Institute of Botany of Shaanxi. A voucher sample
(NO.03054) was deposited at the Plants Herbarium of Institute of
Botany of Shaanxi.
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Extraction and Isolation: The air-dried roots and aerial parts of C.
Japonicus (20 kg) were extracted three times with MeOH (150 L)
after 2-hour reflux, and the filtrate was evaporated under
reduced pressure. The residue (1500 g) was diluted with H,O (5
L) and successively extracted with petroleum ether (PE), EtOAc,
and n-BuOH (5 L) five times. After evaporation, the PE (250 g),
EtOAc (393 g), and n-BuOH (390 g) extracts were obtained. The
EtOAc extract was chromatographed over a silica gel column
(PE-EtOACc, 10:0—0:10) to yield seven fractions, A-G. Fraction B
(36 g) was subjected to MCI gel column chromatography
(MeOH-H0, 1:9—-3:7—5:5—-7:3—9:1) to yield five fractions Bs-
Bs. The fraction B, (6.5 g) eluted with 60% MeOH was separated
repeatedly by Sephadex LH-20 (MeOH), RP-18 column (MeOH-
H.0, 3:7—4:6—5:5-7:3—9:1), followed by purification with a
silica gel column (PE-EtOAc-CHCI3, 6:1:1—55:1:1-4:1:1—3:1:1)
to afford compounds 1 (3 mg), 2 (20 mg) and 3 (55 mg).

Multistalide C (1): colorless oil; [a]p® = —165.5 (¢ = 1.5 in
MeOH); '"H NMR and *C NMR, see Table 1; IR (KBr): v = 3361,
3288, 2922, 2839, 1652, 1386, 1028 cm™"; UV-vis (MeOH): Amax
(log €) = 335 (0.63), 237 nm (3.9); ECD (MeOH) Amax (A€) = 342
(-5.55), 266 (+20.1), 224 nm (-13.3); ESI-MS (m/z): 617.2
[M+Na]+; HR-MS (ES|, m/z): [M+Na]+ caled for Cs3H3sO10Na,
617.2465; found 617.2355. All spectra are shown in the
Supporting Information.

Shizukaol C (2) and Shizukaol D (3): see Supporting Information.

Brine Shrimp Larvae Lethality Assay: Brine shrimp eggs (Ocean
Star International, Inc., USA) were hatched in a large beaker
containing artificial seawater (2.5%, pH 8.0-8.5) and were
cultured at 28°C for 48 h. Compounds 1-3 were dissolved in
dimethyl sulfoxide (DMSO) at the concentration of 2 mg/mL, and
then transferred in portions of 10, 8, 6, 4, 2, 1, and 0.5 pyL to a
96-well plate, and diluted with artificial seawater (15-20 nuclei
larvae) to final volumes of 200 pL, using DMSO as a blank
control and pdophyllotoxin as a positive control. Each test was
conducted in triplicate. After 24 h incubation, the number of dead
shrimp in each well was counted under a microscope. The
mortality rate was calculated using the formula: M=[(A—B—N)/(G—
N)]x100 where M= percent of the dead larvae after 24 h; A=
number of the dead larvae after24 h; B= average number of the
dead larvae in the blank control after 24 h; N= number of the
dead larvae before starting the test; G= number of selected
larvae for test. In addition, the LCs values were calculated.

Computational Section: MMFF and preliminary DFT calculations
were run with Spartan’14 (Wavefunction, Inc., Irvine CA, 2014),
with standard parameters and convergence criteria. DFT and
TDDFT calculations were run with Gaussian’09,% with default
grids and convergence criteria. Conformational searches were
run with the Monte Carlo algorithm implemented in Spartan’14
using Merck molecular force field (MMFF). All structures thus
obtained were optimized with DFT method using B3LYP
functional and 6-31G(d) basis set in vacuo. TDDFT calculations
were run using CAM-B3LYP and ©B97X-D functionals and TZVP
basis set, including 40 excited states (down to 159 nm with
CAM-B3LYP). The two functionals led to coincident results (see
Supporting Information). ECD spectra were generated using the
program SpecDis®® by applying a Gaussian band shape with 0.4-
0.5 eV exponential half-width, from dipole-length rotational
strengths. Transition density plots were built using a locally
modified version of the Gaussian 09 development program.
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STRUCTURAL IDENTIFICATION OF COMPOUNDS

Shizukaols C (2) and D (3) (Chart 1) were identified by
comparison of their spectroscopic data (1H and 13C NMR, HR-
ESI-MS; see Supporting Information) with reported values.?
These two metabolites are reported from this plant for the first
time.
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CHART 1 Compounds 1-3.

TABLE 1 'H NMR (500 Hz) and C NMR (125 MHz) data of
compound 1 in CHCl3-d;:CH3;0H-d, (3:1).

# BH, mult 6(; # BH, mult 6(3
(J, Hz) (J, Hz)
1 199dd  259d 1 126 m 26.1d
(12.5, 6.3)
20 0.95d (4.8) 2a  072dd
8.6t (14.3,87) 164t
28 0.93d(7.6) 28 066d(3.7)
3 185dd  301d 3 1.16m 226d
(12.0, 6.4)
4 794s 4 142m 4424
5 1625s 5 1.58'm 53.0 d
6 1253s 6 2.59 m
6'8 2.46 m 25.81
7 1412s 7 16755
8 1996s & 87.6s
9 381s  77.6°d 9O 268dd  541d
(20.3, 8.4)
10 508s  10' 4475
11 1301s 11" 1284 s
12 1712s 12 17255
13 174s  209q 13a 436d(13.8) 545t
14 109s  158q 138 4.31d(13.8)
150 2.75dd 14 0.85s 2284
(13.4,6.9) 410t
158 1.74m
a 1721s 150 4.00 dd
(11.1,3.9)
158 3.91dd 66.5t
(1.1, 6.4)
b 208s  20.7q

OMe 3.79s 52.7 q
@ Overlapped with solvent signals.

Compound 1 (Chart 1) was obtained as a colorless oil with an
optical rotation of [a]® -165.5 (c=1.5, MeOH). The molecular
formula Cs3H3s019 was determined by HR-ESI-MS showing the
sodiated species at m/z 617.2355 [M+Na]" (calcd. for
Cs3H3s010Na, 617.2465) corresponding to 15 degrees of
unsaturation. IR spectra revealed the presence of hydroxyl (3361
cm™) and carbonyl (1652 cm™) functionalities. The *C NMR and



DEPT spectra of 1 (Table 1) showed 33 signals, consisting of
four carbonyls (8¢ 199.6, 172.5, 172.1 and 171.2), four methyls
including an acetoxyl (8¢ 20.7), one methoxyl (8¢ 52.7), three
persubstituted double bonds, six sp® methylenes, eight sp®
methines, and four sp® quaternary carbons. The 'H NMR
spectrum (Table 1) showed four methyl protons at &4 0.85 (s),
1.09 (s), 1.74 (s) and 2.08 (s), one methoxyl at &4 3.79 (s), and
one sp® methine proton at &y 3.81 (s). The 'H and '*C NMR data
of 1 were very similar to those of 3, suggesting the same
skeleton. The major differences between them were that the
double bond between C-4 (3¢ 142.5) and C-5 (&¢c 131.6) in 3
shifted to C-5 (8¢ 162.5) and C-6 (d¢c 125.3) in 1, with an
additional hydroxyl appearing at the quaternary carbon (C-4) (d¢
79.4) in 1. The HMBC correlations of H-14 and H-15 to C-5, and
of H-9 to C-5, C-6 revealed the presence of the double bond at
C-5 and C-6 in 1; the location of the OH group was supported by
HMBC correlations of H-2 to C-3 and C-4, and of H-15 to C-4
(Figure 1). The analysis described above and the previous
studies on sesquiterpenoid dimers within this genus suggested
that the compound 1 is of lindenane type.'®

Analysis of 1D and 2D NMR (HSQC, HMBC, 'H-'H COSY and
NOESY) spectral data allowed for the final structural assignment
of 1. The 'H-"H COSY data (Figure 1) established two sets of
typical proton spin systems of two 1,2-disubstituted
cyclopropane rings [H-1: &4 1.99 (dd, 1H, J=12.5, 6.3 Hz, H-1);
H-2a: 64 0.95 (d, 1H, J=4.8 Hz), H-2B: 54 0.93 (d, 1H, J=7.6 Hz);
H-3: 84 1.85 (dd, 1H, J=12.0, 6.4 Hz) and H-1": &4 1.26 (m, 1H);
H-2'a: 64 0.72 (dd, 1H, J=14.3, 8.7 Hz), H-2'8: &4 0.66 (d, 1H,
J=3.7 Hz); H-3": &4 1.16 (m, 1H)]. The connectivity of the two
substructures and most of the other functional groups was
accomplished by means of HMBC correlations (Figure 2). The
NOESY correlation of H-3a/H2-15 suggested that 4-OH was B-
oriented.'® Additionally, the NOESY correlations between H-9, H-
15 and H-9' are characteristic of the folding of the polycyclic
structure of 1. On the basis of overall NMR evidence, the
structure of 1 was determined as shown in Figure 1 and named
multistalide C.

FIGURE 1 Selected HMBC, COSY and NOESY correlations of
compound 1. In the NOESY diagrams (right), the same calculated
lowest-energy structure of 1 is shown in two different orientations to
emphasize the correlations in different molecular portions.
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Shizukaol D (3) and multistalide C (1) are biosynthetically related
by double bond migration from A*® to A*® and oxidation at C-
4% ghjzukaol D is probably biogenetically generated from
shizukaol A7 by oxidation at C-13' and water addition at C-4'/C-
15’ double bond. Therefore, the biogenetic pathway to shizukaol
D (3) and multistalide C (1) involves the same monomeric
precursors producing shizukaol A by Diels-Alder reaction,”**%
which include shizukanolide B (also known as chloranthalactone
A)* as the dienofile.

The absolute configuration (AC) of 1 was determined by means
of an established protocol based on electronic circular dichroism
(ECD).®* The experimental ECD spectrum of (-)-1 was
recorded in methanol (Figure 2) and compared with the
spectrum calculated with TDDFT method as Boltzmann average
on a set of structures representing low-energy conformers.
These latter were obtained by means of a molecular-mechanics
conformational search followed by geometry optimizations with
DFT method at B3LYP/6-31G(d) level, which afforded 8
structures with relative energies below 3 kcal/mol and Boltzmann
population >0.2% at 300K. In these energy minima (the most
stable one is shown in Figure 1, all others are shown in The
Supporting Information), the conformation of the relatively rigid
polycyclic skeleton is well preserved. The minima differ in the
orientation of the flexible chains attached at C-4’ and of the
hydroxyl groups, and, more importantly, in the orientation of the
methyl ester group attached at C-11. This ester moiety is almost
perpendicular to the C5-C11 diene system — which itself is
substantially twisted — and has two possible conformations with
the carbonyl pointed in two opposite directions (see structures in
the Supporting Information).

TDDFT calculations were run with CAM-B3LYP and ®B97X-D
functionals, which currently seem to provide the most accurate
prediction of ECD spectra of moderately complex molecules."*
The Boltzmann-weighted average ECD spectrum calculated with
CAM-B3LYP/TZVP for (1R,3S,4S,9R,10S5,1'R,3'S,4'R,5'S,8'R,
9'S,10'S)-1 is shown in Figure 2 and it is in very good agreement
with the experimental ECD spectrum measured for (-)-1,
therefore the absolute configuration of multistalide C is safely
assigned.
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FIGURE 2 Experimental UV (top) and ECD spectra (bottom) of (-)-1
measured in MeOH (0.34 mM, 0.05 cm cell) compared with the
spectra calculated for (1R,3S,4S,9R,10S,1'R,3'S,4'R,5'S,8'R,9'S,
10'S)-1 at CAM-B3LYP/TZVP level on B3LYP/6-31G(d) geometries,
as Boltzmann average at 300K for all structures with population >1%.
Gaussian band-shape with 0.4 eV exponential half-width. Vertical



bars represent rotational strengths calculated for the lowest-energy
structure.

ABSOLUTE CONFIGURATION OF CHLORAHOLOLIDE A
AND RELATED LINDENANE SESQUITERPENOID DIMERS

The established absolute configuration of multistalide C is the
same for the corresponding chirality centers not only of its
biosynthetic precursor chloranthalactone A,28 but also of several
related sesquiterpenoid dimers sharing the same heptacyclic
core. For only a few members of this family, the AC‘s have been
determined by X-ray crystallography'"®® or total synthesis.?®
Most commonly, however, the AC has been assigned on the
basis of ECD spectroscopy by applying the exciton chirality
method (ECM),®**'"  following a report concerning
chlorahololide A (4, diagram in Figure 3) where this method was
applied for the first time to this class of compounds.’ However,
we argue here that the ECM not suitable for chlorahololide A and
related compounds for several reasons explained below, and
reconsider the ECD spectrum and the AC assignment of this
compound. Chlorahololide A (4) has the same heptacyclic core
as multistalide C (1) and the same main chromophores, namely
the unsaturated y-lactone and the conjugated n-electron system
spanning carbon atoms C-5 to C-8, C-11 and C-12, while it
differs from 1 in the attachment of the acetate group at C-6’, the
C-4'/C-15" methylene group, and the absence of C-8 hydroxyl
group. Not surprisingly therefore, the ECD spectra of compounds
1 and 4 are very similar (Figure 2 and 3). Applying the same
computational protocol described above, we found for 4 only two
DFT low-energy structures populated at 300K, differing (as in the
case of 1) in the orientation of the methyl ester group attached at
C-11 (see structures in the Supporting Information). The
Boltzmann-weighted average ECD spectrum calculated with
CAM-B3LYP/TZVP for (1R,3S,4S,10S,1'R,3'S,5'S,6'R,8'S,9'S,
10'S)-4 is shown in Figure 3. The agreement with the
experimental spectrum confirms the previously determined
absolute configuration.'® This latter was originally based on the
application of the non-degenerate exciton chirality method'®?’
after assigning the two strongest bands in the ECD spectrum,
with maxima at 220 nm and 255 nm, to the n-n* transitions of the
unsaturated y-lactone and the twisted n-electron system,
respectively. The two transition moments, drawn in Figure 4a,
would define a positive chirality and hence a positive ECD
exciton couplet as found experimentally.'®
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FIGURE 3 Experimental ECD spectrum of (-)-4 in MeOH (adapted
with permission from ref. 18. Copyright 2007 American Chemical
Society) compared with the spectrum calculated for
(1R,3S,4S,10S,1'R,3'S,5'S,6'R,8'S,9'S,10'S)-4 at CAM-B3LYP/TZVP
level on B3LYP/6-31G(d) geometries, as Boltzmann average at
300K for all structures with population >1%. The dashed line is the
spectrum calculated for the fragment 5 in the same conformations

found for 4. Gaussian band-shape with 0.5 eV exponential half-width.
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Vertical bars represent rotational strengths calculated for the lowest-
energy structure.

However, a correct application of the exciton chirality method,
including the situation when non-equivalent chromophores are
concerned (non-degenerate exciton coupling), necessitates
some essential prerequisites:'®2'42

(a) The molecular conformation, with special attention to the
inter-chromophoric  arrangement, must be known with
accuracy;?

(b) The two electric-dipole allowed transitions, exciton-coupled to
each other, should be well separated in energy from other
transitions, that is, the two ECD bands must be clearly assigned
to the considered chromophores;

(c) The direction of the two electric transition moments must be
exactly known;

(d) The two chromophores should be intrinsically achiral, which,
in the case of conjugated n-systems, essentially means planar,
to minimize ECD signals not due to the exciton coupling.

A careful analysis of our calculation results on chlorahololide A
(4) and of the original paper'® clearly reveals that none of the
above criteria is really satisfied in the ECM application to this
compound. In fact:

(a’) The molecular conformation used to establish the chirality
between the transition dipoles (Figure 4a),”® although possibly
generated by molecular modeling and apparently respectful of
NOE contacts, has apparently not been ascertained by
conformational analysis and geometry optimizations;

(b’) As seen in Figure 3, the ECD band between 200-240 nm is
due to the superposition of several different transitions, and none
of them can be assigned in a prevalent way to the unsaturated y-
lactone n-n* transition;

(c’) The n-electron system involving carbons C-5-C-8, C-11 and
C-12 is a quite complicated chromophore, and the direction of
the electric transition moment for its 255 nm band cannot be
taken for granted. In the quoted paper,'® this is drawn as shown
in Figure 4a, that is with an arrow going approximately from the
middle of the C-5/C-6 double bond to the middle of ester C=0
bond, almost neglecting the contribution from the C-8 carbonyl
group. However, a transition density plot of such a transition
(Figure 4b), calculated on a molecular fragment (5) representing
the chromophore in the same conformation found for 4, reveals
that the transition is delocalized on the whole conjugated moiety,
including the C-8 carbonyl group, and the correct direction of the
transition moment is rather parallel to the exocyclic C-7/C-11
double bond (Figure 4c);

(d’) The same n-electron system is not planar but heavily twisted
around both C-6/C-7 and C-11/C-12 single bonds. The values
measured on DFT geometries are 121-124° for the C-5/C-11
dihedral angle (both conformers) and —111° and +76° for the C-
7/0(=C) dihedral angle (lowest energy and second energy
minimum, respectively). As a consequence, such a chromophore
is definitely intrinsically chiral. In fact, both the n-n* and n-n*
transitions calculated for fragment 5 are associated with strong
rotational strengths which account almost entirely for the ECD of
compound 4 above 250 nm (see dotted and dashed lines in
Figure 3).



FIGURE 4 (a) Application of the ECM to chlorahololide A (4): the
arrows depict the supposed directions of the electric dipole moments
(adapted with permission from ref. '®. Copyright 2007 American
Chemical Society). (b,c) Transition density plot for the first =-n* band
calculated at CAM-B3LYP/TZVP level for fragment 5 (Figure 3) in
the same lowest-energy conformation found for 4, and direction of
the electric transition dipole moment.

In summary, the couplet-like feature appearing in the ECD
spectrum of multistalide C (1) and chlorahololide A (4) between
200-290 nm is not due to the exciton coupling between the two
above discussed transitions and cannot be used for a

configurational assignment based on the exciton chirality method.

The same reasoning applies to all configurational assignments
reported in the literature for several related sesquiterpenoid
dimers, all of which were based on a similar exciton chirality
analysis plagued by the same faults: in all cases, none of the
requisites (a)-(d) above is satisfied, and the problems
corresponding to points (a’)-(d’) above are encountered.®**! In
some cases, moreover, ECD spectra of different lindenane-type
compounds were correlated in an empirical manner even if the
chromophoric systems were not the same among the various
compounds.**34° |n conclusion, we discourage the use of the
exciton chirality method and empirical spectral correlations for
this class of compounds, and recommend that full ECD
calculations are performed.

BRINE SHRIMP LARVAE TOXICITY ASSAY

The brine shrimp larvae lethality assay is considered as a useful
tool for preliminary assessment of toxicity with compounds and
extracts.**** The three compounds 1-3 were evaluated for brine
shrimp larvae (Artemia salina) toxicity, and 2 and 3 showed
significant growth inhibitory activities with median lethal
concentration (LCsp) values of 19.0 and 11.7 pg/mL, respectively,
compared with the positive control podophyllotoxin (6.0 pg/mL),
whereas 1 displayed weak activity (LCso 31.2 pg/mL).

Conclusions

A novel dimeric sesquiterpenoid, multistalide C (1), together with
two known dimers, shizukaols C (2) and D (3), were isolated
from Chloranthus japonicus Sieb for the first time. Compounds 2
and 3 showed remarkable growth inhibitory of brine shrimp
larvae. The structure of multistalide C (1) was fully elucidated,
including its absolute configuration. A literature survey on
absolute configurational assignments of related lindenane-type
sesquiterpenoid dimers revealed that in almost all cases the
exciton chirality method was applied, starting from the first report
on chlorahololide A (4). This latter compound was therefore
reconsidered and it was demonstrated that its ECD spectrum is
not dominated by the exciton coupling mechanism. Other pitfalls
in the reported applications of the exciton chirality method to this
class of compounds were also noticed. Also in consideration of
the relatively rigid heptacyclic skeleton, the absolute

Chirality

configuration of chlorahololide-type compounds may be easily
assigned by means of TDDFT//DFT calculations.
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A new sesquiterpenoid dimer, Multistalide C, was isolated from Chloranthus japonicus Sieb and its absolute structure determined.

Although displaying a couplet-like feature in the ECD spectrum, the use of exciton chirality method for multistalide C and several
related chlorahololide-type sesquiterpenoid dimers reported in the literature is not suitable because of the intrinsic chirality of the

composite conjugated chromophore and the complexity of the ECD spectrum.



