Chinese Chemical Letters 37 (2026) 110919

journal homepage: www.elsevier.com/locate/cclet

Contents lists available at ScienceDirect

Chinese Chemical Letters

Revision of the absolute configurations of Pallavicinia diterpenoids and  m)

Check for

further discovery of their Diels—Alder cycloadducts

Jiao-Zhen Zhang®!, Cheng-Min Zhang?!, Yong-Jie Wang?P, Pei-Lin Wu?, Rui-Feng Liu?,
Ye Li®, Ming-Zhu Zhu?, Shuang-Zhi Yuan?, Ze-Jun Xu?, Hong-Xiang Lou®*

3 Department of Natural Products Chemistry, Key Lab of Chemical Biology (MOE), School of Pharmaceutical Sciences, Shandong University, Ji'nan 250012,

China
b The Second Hospital, Shandong University, Ji'nan 250012, China

ARTICLE INFO ABSTRACT

Article history:

Received 3 November 2024
Revised 31 January 2025
Accepted 4 February 2025
Available online 6 February 2025

Keywords:

Revision

Absolute configurations

Pallavicinia diterpenoids

Liverwort

Single-crystal X-ray diffraction

Electronic circular dichroism calculations

Owing to their intricate molecular frameworks and copious chiral centers, the structural identification
and configurational assignment of natural products are challenging tasks. Comprehensive spectral data
analysis is crucial for the confirmation of absolute configurations. Ignoring critical parameters will lead
to false structure, which may confuse the total synthesis and drug development. Herein, the configura-
tions of seven heterogeneous Pallavicinia diterpenoids (PDs) isolated from Pallavicinia liverworts are re-
vised using a combination of single-crystal X-ray diffraction and electronic circular dichroism (ECD) cal-
culations. Meanwhile, identification of five unprecedented PD heterodimers PD-dimers A-E (18-22) along
with eleven previously undescribed PDs (5-9, 13-17, 23) obtained by the reinvestigation of the Chinese
liverwort Pallavicinia subciliata have resulted in corrections and support the revised conclusions.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pallavicinia diterpenoids (PDs) are structurally complex 7,8-
seco-labdanes that are exclusively present in the liverworts of
Pallavicinia species as bioactive constituents and taxonomic mark-
ers of the genus Pallavicinia [1] and have inspired several re-
markable total syntheses [2-11]. Originated from a labdane-type
diterpene followed by the oxidative cleavage of C7-C8 and facili-
tated by the increase in the oxidation state and modification [12],
subtypes named as pallavicinins (PVCs), pallmbins (PMBs), pal-
lamolides (PMLs), and pallavicinolides (PVLs) were reconstructed
through the cyclization of C2-C8, C4-C8, and C11-C3 and in-
tramolecular [4+ 2] cycloaddition, respectively (Fig. 1). However,
the scaffold diversity and emerging chiral centers due to rearrange-
ments challenge the structural identification accuracy.

Since the first report published in 1994 [13], dozens of PDs have
been identified via nuclear magnetic resonance (NMR) measure-
ments and single-crystal X-ray diffraction (SCXRD) with Mo K« ra-
diation or determined by a simple comparison with the previously
reported spectroscopic data [14-16], which are not sufficiently con-
clusive to determine their absolute configurations.

Our prior research efforts resulted in the unambiguous identifi-
cation of a series of Pallavicinia dimers from P. subciliata [17] and P.
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ambigua [18,19] using SCXRD with Cu Ko radiation. These dimers
are intermolecular Diels-Alder (DA) adducts of PDs from the same
species. Based on the absolute configurations of the previously re-
ported PDs, four PMBs, pallambins A-D, were reinvestigated, and
their corresponding enantiomers were identified via electronic cir-
cular dichroism (ECD) calculations, X-ray diffraction, and chemical
conversion [18]. These findings prompted us to reinvestigate other
PDs reported in the literatures.

Herein, we revised the absolute configurations of PVCs and PVLs
using a combination of SCXRD with Cu Ko radiation and ECD and
NMR calculations. Additionally, five unprecedented PVL and PVC
based DA cycloadducts and three previously undescribed 7,8-seco-
labdanes, pallavisubin A-C from P. subciliata, which can be consid-
ered key intermediates in a biogenesis pathway, were identified.

Pallavicinin (1) was the first reported PVC structure. It was iso-
lated for the first time from P. subciliata of Taiwan province in
China in 1994, in which the stereochemistry of 1 was confirmed
by SCXRD with Mo K« radiation, and the negative Cotton effect
was observed in an ECD spectrum [13]. In 1998, it was reported
together with 18-hydroxpallavicinin (2), and their absolute configu-
rations were determined by SCXRD with Cu Ko radiation; however,
the Flack parameters of the produced crystals were not published
[14]. Further investigating P. subciliata in this study, we obtained
compounds 1 and 2 again, and their NMR spectra, optical rotations,
and ECD curves were in good agreement with those reported in
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Fig. 2. Reported, revised, and previously undescribed PVC structures.

the literature (Fig. 2, Figs. S1-1-S1-10, Tables S1 and S3 in Sup-
porting information), from which we concluded that the isolated
compounds were identical to the literature structures. However,
the absolute configurations of 1 and 2 were accurately determined
as 2R, (4S), 58S, 8S, 9R, 10R, 11R, 12R by performing SCXRD with Cu
Ko radiation (CCDC 2337893, Flack parameter: 0.14 (11) for 1, Flack
parameter: 0.85 (11) for the enantiomer of 1; and CCDC 2337894,
Flack parameter: =-0.06 (7) for 2, Flack parameter: =1.06 (7) for
the enantiomer of 2), confirming that the absolute configuration
reported in the literature should be revised to the opposite one
(Fig. 2) and that the studied compound is an ent-labdane diter-
penoid.

Neopallavicinin (3), a diastereomer of pallavicinin, was first iso-
lated from P. subciliata in 1999 [20]. Its configuration was deter-
mined via a spectroscopic comparison with the previously reported
pallavicinin structure (Tables S2 and S3 in Supporting information)
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Fig. 3. Reported, revised, and undescribed PMB structures.

[13]. In 2005, it was isolated from P. ambigua along with 1 and 2,
and its configuration was determined through SCXRD with Mo K«
radiation and a CD spectral comparison. In this study, we suspected
that the compound was also misconfigured and validated our idea
using SCXRD with Cu Ko radiation (CCDC 2354333, Flack parame-
ter: 0.08(13) for 3, Flack parameter: 0.91(13) for the enantiomer of
3). Considering the same biosynthetic pathway, the absolute struc-
ture of 3 was unequivocally determined as 2R, 5S, 8S, 9R, 10R, 115,
125 (Fig. 2).

According to previous works, the total syntheses of racemic
pallavicinin and neopallavicinin have been initially conducted by
Wong’s group in 2006 [2]. In 2015, Jia et al. realized the enantios-
elective syntheses of (-)-pallavicinin and (+)-neopallavicinin [7].
However, the reported optical rotation was doubtful as the config-
urations determined by SCXRD were consistent with those of the
natural products discussed above. The same group has reported the
syntheses of revised pallavicinin and neopallavicinin enantiomers
in 2024 [11], based on our corrections of pallambins A-D [18].

Pallavicinin A (4) is a PVC with a seco-furan ring, and its NMR
spectrum and optical rotation are identical to those reported by
Asakawa in 1998 (Tables S2 and S3, Figs. S4-1-S4-10 in Supporting
information). Unlike the known configuration, the absolute config-
uration of this compound was identified as 2R, 5S, 8S, 9R, 10R, 11S
by perfectly matching the experimental and calculated ECD curves
(Fig. 2). Thus, the absolute configurations of four reported PVCs are
certainly corrected.

Pallavicinins B and C (5 and 6) are previously undescribed PVC
configurations possessing the same planar structure as that of 4.
Their only difference from 4 is the presence of an oxygenated
methylene group at C-4. Their relative and absolute configurations
were determined by the nuclear Overhauser enhancement spec-
troscopy (NOESY) correlations as well as ECD calculations of pos-
sible configurations (Figs. S2 and S8 in Supporting information).
Hence, the stereoisomers of 5 and 6 were defined as 2R, 4S, 5§,
8S, 9R, 10R, 11S and 2R, 48, 5S, 8S, 9R, 10R, 11R, respectively (Fig.
2), supporting their same biosynthetic origin.

The first reported PMBs was pallambin D, which was initially
isolated from liverwort P. subciliata by Asakawa et al. [14] who
reported X-ray crystallographic data without Frack parameters or
physicochemical properties. Afterwards, pallambins A-D were frac-
tionated from Chinese liverwort P. ambigua by our group, and
their absolute configurations were determined via CD based on
neopallavicinin [15]. Recently, our group redetermined the absolute
configurations of these four compounds obtained from the same
plant, and SCXRD data revealed that the initial structures were re-
vised to their enantiomers (Fig. 3) [18].

The unprecedented molecular skeletons of pallambins A-D have
attracted considerable attention in the synthesis community. Wong
and Carreira sequentially reported the total syntheses of (+) pal-
lambins C and D and (%) pallambins A and B in 2012 [4] and 2015
[6]. In the following year, Baran conducted the syntheses of pal-
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Fig. 4. Reported, revised, and undescribed PVL structures.

lambins C and D without studying optical rotations [8]. In 2019, Jia
et al. completed the enantioselective total syntheses of pallambins
A-D [9]. However, the optical rotations provided in this work are
unreasonable negative and agree with the reference [16], and the
synthesized pallambins A-D tend to be enantiomers of the present
revised natural products, as the optical rotations of key interme-
diates in the synthetic process are positive. Furthermore, the syn-
theses of (+) pallambins A-D have been recently realized by Jia
et al. [11].

Pallambins E and F (7 and 8) are diastereoisomers that repre-
sent the hydrogenated and methoxylated derivatives of pallambins
C and D, respectively. SCXRD with Cu K« radiation (CCDC 2337892,
Flack parameter: 0.06 (16)) was employed to confirm the configu-
ration of 7 as 4S, 5S, 8S, 9R, 10R, 11§, 12S, 13R, 14R. 8 was de-
termined as 4S, 5S, 85, 9R, 10R, 11S, 12§, 13R, 14S based on the
differences between the chemical shift values, NOESY results, and
calculated ECD curves (Fig. 3).

Pallambin G (9) shares the same planar structure with pallam-
bin D. Meanwhile, the H-11 and H-12 of 9 are B-oriented. Finally,
its absolute configuration is 4S, 5S, 8S, 9R, 10R, 11R, 12R, as deter-
mined from a good match between the calculated and experimen-
tal ECD curves (Fig. 3).

PVLs pallavicinolides A and B (10 and 11) were initially iso-
lated from P. subciliata in 1998, as their NMR data and optical ro-
tations (Fig. 4, Tables S4 and S5 in Supporting information) were
identical to those published previously [14]. However, the absolute
configurations of these two compounds have not been reported
in literature [14]. Wong et al. implemented the total synthesis of
(£)-pallavicinolide A in 2009, and its stereochemistry was deter-
mined via derivatization and SCXRD [3]. Jia et al. synthesized (+)-
pallavicinolides B and C in 2024 [11]. The fitting results of the ECD
experimental and computational curves ultimately determined the
absolute conformations of 10 and 11 as 1R, 2§, 5S, 9R, 10R, 11R, 12S
and 1R, 2S, 4S, 5R, 9R, 10S, 11R, 128, respectively (Fig. 4). Pallavici-
nolide C is a C-4 isomer of pallavicinolide B [14], it has not been
obtained in this study, from a biosynthetic perspective, it should
also be revised as the enantiomer of reported configuration.

Pallavicinolide D (12) was identified as the C-4 epimer of 11.
Comprehensive analysis of the NMR data (Tables S11 and S12, Sup-
porting information) indicated that the relative configuration of 12
was consistent with that of intermediate 41 reported in previous
synthetic study [11]. The absolute configuration of 12 was deter-
mined to be 1R, 2S, 4R, 5R, 9R, 10S, 11R, 12S based on the agree-
ment between the ECD spectra (Fig. 4).

Pallavicinolide E (13) and pallavicinolide F (14) are PVLs with
open 16,11-y-lactone rings (Fig. S1 in Supporting information).
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Compound 14 is structurally similar to compound 13 with only
one additional methyl group at C-4. The relative configurations of
compounds 13 and 14 were determined from the NOESY spectra
(where the cross-peaks of H3-18/H-5/H-2 demonstrated that their
configurations of H-2 were «-oriented (Fig. S2)) and ECD calcula-
tions, which showed that H-11 was B-oriented (Fig. 4). The abso-
lute configurations of 13 and 14 were established as 1R, 2R, 4R, 5R,
9R, 10S, 11R, 12S and 1R, 2R, 5S, 9R, 10R, 11R, 128, respectively, by
comparing the experimental and calculated ECD data (Fig. 4).

Pallavisubins A and B (15 and 16), two undescribed 7,8-seco-
labdanes without rearrangements, were obtained, and their config-
urations were determined as 5S, 9R, 10R, 11R, and 4R, 5R, 9R, 10R,
11R, respectively, via ECD and 13C NMR calculations (Fig. 5; Figs. S9,
S10 and Tables S18-S23 in Supporting information). Structurally,
they are key intermediates in the formation of PDs, contributing
to a better understanding of their biosynthetic pathways. Based on
the structure of 16, the C=0 group at C-8 undergoes condensation
with C-12 to form pallavisubin C (17), an unprecedented 7,8-seco-
labdane ketal. The characteristic 3C NMR signal (§c.g 119.0) con-
firmed the existence of the ketone acetal. The absolute configura-
tion of 17 determined by SCXRD is 1S, 4R, 5R, 8S, 9R, 10R, 11R, 12R
(CCDC 2337889) (Fig. 5).

Interestingly, dimeric labdane derivatives from the same plant
support this conclusion. PDdimer A (18) was identified as a 7,8-
seco-labdane dimer formed from PVC and PVL through the inter-
molecular [4 + 2] cycloaddition, and the heterodimer with PVL was
first obtained from P. subciliata. Carefully resolving its NMR signals
(Figs. S18-1-S18-6 in Supporting information), the structural unit
of PVC was identical to that of 5, and the other unit was highly
similar to 11 [14] except for the different configuration at the C-4’
position supported by the NOESY correlation of H3-19'/H-4" (Fig.
S4 in Supporting information). Unlike the previously PD-derived
dimers, the intracyclic double bond of PVL reacted with PVC as a
proto-dienophile to generate a new six-membered ring, in which
C12-C13’ and C15-C14’ were the newly formed carbon bonds (Fig.
S3 in Supporting information). Moreover, the NOESY signal of H3-
17/H-12/H-12’ confirmed that they were close in space, and the
endo-DA reaction occurred to form compound 18 (Fig. S4). The ab-
solute configuration of 18 was 2R, 4S, 5S, 8S, 9R, 10R, 115, 12R,
1R, 2'S, 4R, 5'R, 'R, 10'S, 11'R, 12'S, 13'R, 14'S, as determined via
SCXRD with Cu Ko radiation (CCDC 2292684) (Fig. 6).

PDdimer B (19) possesses a structure similar to that of 18, with
the only difference being that the group linked to C-4 is a gem-
dimethyl group (Fig. S3). By conducting SCXRD with Cu Ko radia-
tion (CCDC 2292679), the absolute configuration of 19 was delin-
eated as 2R, 5S, 8S, 9R, 10R, 11S, 12R, 1'R, 2'S, 4'R, 5'R, 9'R, 10'S,
11/R, 12’S, 13'R, 14’S (Fig. 6).

PDdimer C (20) and 18 are a pair of diastereomers that share
the same PVC configuration. The NOE correlations of H-2'/H-9'/H-
5//H3-18" in 20 exhibit the opposite H-2" configuration as com-
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pared with that of 18 in the PVL unit, which is consistent with
the change of chemical shifts for this unit (Fig. S3). SCXRD with
Cu Ko radiation (CCDC 2292682) was performed to determine the
absolute configuration of 20: 2R, 4S, 5S, 8S, 9R, 10R, 11S, 12R, 1'R,
2'R, 4R, 5'R, 9'R, 10’S, 11'R, 12'S, 13'R, 14’S (Fig. 6).

PDdimer D (21) was found to be a dimer that shared an iden-
tical PVL unit with dimer 20, and another unit was PMB whose
gross structure and relative configuration were similar to those of
pallaviambin C (Figs. S3 and S4) [18]. A comparison of the experi-
mental and calculated ECD data revealed that the absolute config-
uration of compound 21 was 48, 5S, 8S, 9R, 10R, 11R, 125, 1'R, 2R,
4'R, 5'R, 9'R, 10'S, 11'R, 12'S, 13'R, 14'S (Fig. 6).

PDdimer E (22) is a PVC-PMB heterodimer that has not been
previously identified. These two units formed a six-membered ring
connected by the C15-C14’ and C12-C15’ bonds (Fig. S3). In this
case, the pro-dienophile site was A%(15)) which was different
from the A13/(14") position in dimers 18-21. The relative configu-
ration of 22 was deduced from the NOESY signals of H,-19a/H-11,
H,-15'b/H3-17/H-12/H-9/H3-20, and H3-18'/H-5'/H3-19'/H-11//H-
5’ (Fig. S4). By ECD calculation, the absolute configuration of com-
pound 22 was determined as 2R, 4S, 5S, 8S, 9R, 10R, 118§, 125, 4'S,
5'S, 8'S, 9'R, 10'R, 11S, 14/R (Fig. 6).

PDdimer F (23) is also a PD-derived dimer, in which both units
are PMBs similar to those in pallaviambin [18]. The NOESY signals
of H-11"/H3-19’/H-5" suggest that H-11" and H-12" may exhibit dif-
ferent configurations (Fig. S4) [18]. Finally, SCXRD with Cu Ko ra-
diation (CCDC 2337891) confirmed that the absolute configuration
of 23 was 48S, 58, 85, 9R, 10R, 11R, 12R, 4'S, 5'S, 8'S, 9'R, 10'R, 11'R,
12'R, 13'S, 14/R (Fig. 6).

Biosynthetically, the formation of PDs has been disputed, and
labdane diterpenoids were considered common precursors un-
til, even though some ent-labdanes were obtained together with
PDs from P. ambigua [19]. In this study, by conducting an ab-
solute configuration revision of PDs, a plausible biogenetic path-
way was proposed (Fig. 7), in which an ent-labdane precursor
undergoes an oxidative cleavage of the C7-C8 bond to produce
the key intermediate (15) and reconstruction of the C2-C8, C4-
C8, and C3-C11 bonds to produce PVCs, PMBs, and PMLs, re-
spectively. PVLs and PDdimers are generated via intra-molecular
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and inter-molecular DA reactions. The reconstruction and forma-
tion of the rings lead to skeletal and stereo diversification and
complication.

The anti-inflammatory effects of isolated PDs are preliminar-
ily investigated by evaluating the inhibition of nitric oxide (NO)
production induced by lipopolysaccharide (LPS) in RAW264.7 cells.
The maximum inhibition rate (MIR) and median effective concen-
tration (ECsg) against NO production are tested. As shown in Table
S36 and Fig. S24 (Supporting information), 1 (MIR=85.31% (12.5
pmol/L), ECsg=16.38 pmol/L) and 22 (MIR=282.08% (25 pmol/L),
ECso =5.88 pmol/L) exhibited significant inhibition on NO produc-
tion. Compounds 5, 10-14, 18, 20, and 21 had moderate inhibitory
ability, with MIR values of 56.12 %-79.04 % [21].

In conclusion, we have revised the absolute configurations of
four PVCs and three PVLs reported previously. The pioneering iden-
tification of the DA cycloadducts supports our conclusions, consid-
ering that they have the same biosynthetic origins. These results
underscore the decisive role of some “inconspicuous” parameters,
such as optical rotations and Flack parameters. The absences of
Flack parameters in literature are the primary causes of the incor-
rect absolute configurations. Thus, the SCXRD with Cu Ko radia-
tion and comprehensive crystal data are important for the report
of natural products. Moreover, instead of blindly following the lit-
erature, the recognition and evaluation of known structures based
on biosynthetic points are important in the fields of natural prod-
ucts and total synthesis.
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