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A series of highly rearranged labdane diterpenoids featuring previously unreported skeletons, including
9,18-cyclolabdanes (1 and 2), 1,10-seco-9,18-cyclolabdanes (3-5), 7,18-cyclolabdanes (6), and 1,10-seco-1,5-
cyclolabdanes (7), along with seven novel labdanes (8-14), two novel halimane diterpenoids (15 and 16),
and three known congeners (17-19), were isolated from Chinese liverwort Haplomitrium mnioides. Their
structures were unequivocally determined through comprehensive spectroscopic analysis, single-crystal
X-ray diffraction and electronic circular dichroism (ECD) calculations. These diverse diterpenoids were
biosynthesized through an aldol-type cascade process, using 19 as the starting material, distinguishing
them from compounds generated via conventional carbocation rearrangement. Anti-inflammatory assays
revealed that haploide O (15) and haplomitrenolide C (17) significantly inhibited the secretion of proin-
flammatory cytokines interferon-y (IFN-y), tumor necrosis factor-o (TNF-«¢), and interleukin-6 (IL-6) in
vitro in concanavalin A (ConA)-induced murine spleen cells.
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Terpenoid natural products, characterized by stereochemically
complex architectures, have long served as inspiration sources for
therapeutic agent development [1,2]. Among diterpenoid deriva-
tives, labdanes represent a structurally unique diterpenoid subclass
encompassing pharmaceutically significant metabolites, including
andrographolide, forskolin, and chlorolissoclimide. Labdane-type
diterpenoids demonstrate remarkable structural plasticity through
diverse skeletal rearrangements (Fig. S1 in Supporting information)
[3,4]. Although carbocation-driven skeletal reorganizations repre-
sent well-characterized biochemical transformations in terpenoid
biosynthesis [5-8], diversity-oriented transformations mediated by
aldolase-type cascade mechanisms constitute an emerging area of
research in natural product biogenesis, with limited characterized
examples reported to date [9,10].

As ancient representatives of the embryophytic lineage, liver-
worts occupy a phylogenetically pivotal position as the earliest-
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diverging land plants. This taxonomically rich division, consisting
of over 23,000 taxonomically validated species globally, represents
a prolific source of structurally diverse specialized metabolites,
particularly bisbibenzyls and terpenoids [11-19]. Notably, labdane-
derived Haplomitrium diterpenoids are isolated exclusively from
the genus Haplomitrium and have been identified as chemical
markers for this liverwort lineage [18]. Our phytochemical explo-
ration of Haplomitrium mnioides (Lindb.) R.M.Schust., collected
from Xiangling Mountain within Ya’an City, Sichuan Province,
China, yielded 19 diterpenoid derivatives, including 16 novel
compounds designated haploides A-P (1-16). Structural charac-
terization revealed four unprecedented carbon skeletons: 9,18-
cyclolabdanes (1 and 2), 1,10-seco-9,18-cyclolabdanes (3-5), 7,18-
cyclolabdanes (6), and 1,10-seco-1,5-cyclolabdanes (7). Seven addi-
tional labdanes (8-14) featuring our previously identified scaffolds
[17,18], two labdane-related diterpenoids (15 and 16), and three
known analogs (17-19) (Scheme 1), were isolated (Fig. 1). More-
over, four pairs of novel diastereomers, haploides A and B (1 and
2),Cand D (3 and 4), L and M (12 and 13), and O and P (15 and
16) were simultaneously discovered. A plausible aldol-type cascade
biogenetic pathway was deduced for the formation of these novel
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Fig. 1. Chemical structures of compounds 1-19.

skeleton labdanes. Anti-inflammatory assays revealed that haploide
0 (15) and haplomitrenolide C (17) significantly inhibited the se-
cretion of proinflammatory cytokines interferon-y (IFN-y), tumor
necrosis factor-o (TNF-«), and interleukin-6 (IL-6). Herein, we re-
port the isolation, structural characteristics, proposed biosynthetic
pathways, and anti-inflammatory activity of these diterpenoids.
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Haploide A (1) was obtained in the form of colorless crystals.
High-resolution electrospray ionization mass spectrometry (HRES-
IMS) at m/z 379.1155 (calcd. for CgHpgOgNa™ 379.1152) indicated
that its molecular formula is C;oH,¢0g, indicating 11 indices of hy-
drogen deficiency. Nuclear magnetic resonance (NMR) spectra in-
dicated the presence of two methyl groups [§y 2.27 (s), 1.00 (s)];
three methylenes; three methines, including two oxygenated me-
thines [§y 5.67 (dd, J=11.3, 6.2Hz), §c 77.0; 6y 4.29 (t, J=2.2Hz),
Sc 81.7]; three quaternary carbons; three carbon-carbon double
bonds [§y 6.02 (s), 6.60 (brs), 7.50 (t, J=1.6Hz), 7.64 (brs); ¢
128.7, 166.4, 126.2, 110.1, 144.9, 142.1], two keto carbonyls (§c
198.4, 207.5); and one ester carbonyl (6c 170.5). It was deduced
that haploid A (1) contained five rings. The NMR data of 1 were
similar to those of haplomitrenonolide A, except for the existence
of a C—C bond between C-9 and C-18, one hydroxy group at C-18,
and one keto carbonyl at C-1. These deductions were confirmed
based on heteronuclear multiple bond correlations (HMBCs) from
H3-19 (§y 1.00) to C-3 (6¢ 37.0), C-4 (8¢ 45.9), C-5 (§¢c 61.7), and
C-18 (8¢ 81.7); from H3-17 (6y 2.27) to C-7 (8¢ 128.7), C-8 (8¢
166.4), and C-9 (6¢ 57.4); from H-18 (8y 4.29) to C-3, C-5, C-8, and
C-11 (8¢ 34.0); and from H,-3 (84 1.98) to C-1 (6¢ 207.5) (Fig. 2A).
Thus, the planar structure for 1 was unequivocally confirmed as
having a novel 9, 18-cyclolabdane skeleton.

Additionally, the signals of H-18/H5-19, H3-19/H-5, H-18/H,-2,
H-18/H,-11, and H3-17/H-12 in the nuclear Overhauser enhance-
ment spectroscopy (NOESY) results indicated the cofacial nature of
these protons (Fig. 2A). Ultimately, a single-crystal X-ray diffrac-
tion analysis, considering a Flack parameter of 0.00 (11) and us-
ing Cu K« radiation (CCDC 2344630), finally established the ab-
solute structure as 4R,5R,9S,10R,12S,18S. Haploide B (2) shared the
same molecular formula and exhibited nearly identical NMR data
as those of 1, except for the chiral inversion at C-12, as af-
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Fig. 3. X-ray crystallographic structure of compounds 2, 8, 12-16.

firmed based on the NOESY signal of H3-19/H-5, H-18/H,-2, H-
18/H,-11, electronic circular dichroism (ECD) calculations (Fig. S2
in Supporting information), and X-ray diffraction (Cu Ko radia-
tion, CCDC 2344631) (Fig. 3). Thus, haploide B (2) was determined
to be the C-12 epimer of 1, with an absolute configuration of
4R,5R,95,10R,12R,18S.

Haploide C (3) was assigned the same molecular formula as
that of haploide B (2). However, several structural differences were
noted: The A-ring was cleaved between C-1 and C-10, and the lac-
tone ring was formed between C-1 and C-18 in 3, supported by
HMBCs from H,-2 (§y 2.39, 2.54) to C-1 (§c 171.1); from Hp-
3 (6y 1.82, 2.22) to C-1; and from H-10 (§y 3.00) to C-4 (8¢
43.3), C-5 (8¢ 59.9), C-8 (8¢ 163.2), C-9 (8¢ 54.0), C-18 (¢ 88.7),
and C-20 (8¢ 169.3); as well as the key 'H-!H correlation spec-
troscopy (COSY) correlations of H-5 (§y 3.36)/H-10 and H-10/H-18
(8y 4.15) (Fig. 2B). The relative configuration was inferred based
on the NOESY correlations of H3-19/H-18, H3-19/H-3«, H-38/H-5,
H-5/H-10, and H-10/H-113. Ultimately, the absolute structure of 3
was determined based on single-crystal X-ray diffraction using Cu
Ko radiation (CCDC 2344632), indicating the absolute stereochem-
istry to be 4R,55,9S5,105,12R,18R. Haploide D (4) was identified as
the C-12 epimer of 3 based on their similar NMR spectrum and
NOESY signals of H;-19/H-18, H-10/H-12, H3-19/H-3c, H-3/H-5,
H-5/H-10, and H-10/H-118 in 4. The consistency of experimental

and calculated CD curves (Fig. S2) determined the absolute config-
uration of 4 as 4R,55,95,105,125,18R.

Haploide E (5) had one fewer degree of unsaturation than 3,
and it has a similar planar structure to 3, except for the lactone
ring being cleaved between C-1 and C-18, and one carbomethoxy
unit formed at C-1 in 5. These deductions were supported by HM-
BCs from Hs3-21 (§y 3.66) to C-1 (§c 174.4); and from H-18 (8y
4.26) to C-3 (8¢ 37.7), C-9 (8¢ 52.1), C-10 (¢ 50.9), and C-11 (&¢c
30.9); along with the 'H—'H COSY signal of H-5 (§y 37.7)/H-10
(8y 37.7). The NOESY correlations of H3-19/H-18, H-5/H-10, and
H-10/H-11« determined the relative configuration of 5. Comparing
the experimental and calculated ECD data (Fig. S2), the absolute
configuration of 5 was established as 4R,55,95,10S,12R,18S.

Haploide F (6) exhibited the same molecular formula as 4. The
NMR spectrum of 6 was extremely similar to that of 4, except for
the intramolecular cyclization between C-7 and C-18 in 6, unlike
that between C-9 and C-18 in 4. Additionally, the double bond
shifted from C;-Cg to Cg9-Cyg in 6. These deductions were con-
firmed by HMBCs from Hs;-17 (§y 1.59, d, J=7.4Hz) to C-7 (8¢
55.6), C-8 (8¢ 46.2), and C-9 (8¢ 155.7); from H,-11 (S 2.58, 2.86)
to C-9 and C-10 (§c 124.2); from H-5 (§y 3.30) to C-9 and C-
10; from H-18 (6y 4.47) to C-7; and from H-7 (§y 2.95) to C-4
(8¢ 43.8) (Fig. 2C); as well as the "H-'H COSY signals of H-8 (8y
3.28)/H-7 and H-7/H-19 (Fig. 2C). Thus, the planar structure for 6
was unequivocally clarified as a novel 7,18-cyclolabdane skeleton.
The NOESY correlations of H3-17/H-7, H-5/H3-19, H3-19/H-18, H-
18/H3-17, H-8/H-118, and H-118/H-16 suggested the relative con-
figuration of 6. From the perspective of the biogenic pathway, the
structure of 6 was determined considering the absolute configu-
ration of 4 and their similar ECD curves. Ultimately, ECD calcu-
lations (Fig. S2) identified the absolute configuration of the 6 as
4R,5S,75,85,125,18S.

Haploide G (7) was determined to have the molecular formula
Cy1H»,07 via HRESIMS (m/z 409.1251 [M + Na]™, calcd. 409.1258),
with 11 degrees of unsaturation. 'H and 3C NMR spectra sug-
gested its high similarity to haplomitrenolide C [20], except for
the rearrangement of the A-ring from a six-membered to a five-
membered carbon ring, connected to the B-ring at C-5 (§c 66.6),
and introduction of one carbonyl group at C-1 (6¢ 213.3). These
results were confirmed based on HMBCs from H3-19 (§y 1.31) to
C-3 (8¢ 32.0), C-4 (8¢ 56.1), C-5, and C-18 (§¢ 171.8); and from
H-10 (8y 3.50) to C-1, C-5, and C-9; as well as the key 'H-'H
COSY correlations of H-9/H-10. NOESY correlations of H3-19/H-10,
H-10/H-12, and H-12/H-9 (Fig. 2D) suggested two possible relative
configurations for compound 7, designated as 7 (4R,5R,9R,10S,12R)
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and 7 (4S,55,9R,10S,12R). ECD calculations were performed for both
diastereomers, and the results revealed that the experimental
ECD spectrum of compound 7 showed a better agreement with
the calculated spectrum of 7 (4R,5R,9R,10S,12R) than that of 7
(4S,55,9R,10S,12R) (Fig. S2). To further validate their configurations,
seven low-energy conformers of compound 7 within 3.0 kcal/mol
(Fig. S3 and Table S4 in Supporting information) with a specific
gravity of Boltzmann distribution >1.0% were refined and consid-
ered for density functional theory (DFT) and Gauge-Independent
Atomic Orbital (GIAO) NMR shift calculation at the mPW1PW91/6-
31G(d) level of theory [21,22]. The correlation coefficient was the
key parameter applied for quantifying the agreement between the
calculated and experimental 'H and *C NMR data, and the results
further supported the assignment of 7 (4R,5R,9R,10S,12R) (Fig. S4
in Supporting information). Ultimately, the absolute structure was
determined as 4R,5R,9R,10S,12R.

The 'H and 3C NMR spectra of haploide H (8) were similar
to those of haplomintrin A [17], except for the presence of one
methoxy (g 3.39; 8¢ 55.1) and the absence of a double bond. HM-
BCs from H3-21 (8y 3.39) to C-15 (§¢ 109.8); and from H-15 (§y
5.29) to C-14 (§¢ 37.3), C-21 (8¢ 55.1), C-13, and C-16; along with
the TH-TH COSY signals of H,-14/H-15 suggested that the dou-
ble bond at C-14 was reduced, and one methoxy was connected
at C-15 in 8. NOESY correlations of H3-19/H-38, H-3«/H-5, H-5/H-
9, H-9/H3-17, H3-17/H-7, H-7/H3-21, and H-7/H-16 indicated the
relative configuration of 8. Ultimately, the absolute structure of 8
was determined to be 4R,5S,7S,8R,95,10S,12R,13S,15R,16R, based on
the single-crystal X-ray diffraction analysis with Cu K« radiation
(CCDC 2344633) (Fig. 3).

Haploide I (9) was identified as the C-5 epimer of hapmnioide C
[18], based on their similar NMR spectra and NOESY signals of H3-
17/H-18, H-18/H3-19, H3-19/H-5, H-18/H-38, H-3«/H-1, H3-17/H-
118, and H-118/H-14. The absolute configuration of 9 was con-
firmed to be 1R,4R,55,8S,12R,18R based on ECD calculations (Fig.
S2). The NMR data of haploide ] (10) suggested a similar planar
structure to that of 9. However, the five-membered lactone ring
was hydrolyzed, and the carboxyl group at C-6 underwent ester-
ification, thereby introducing a methyl ester group. Additionally,
the hydroxyl group at C-1 was oxidized to the carbonyl group in
10. These predictions were determined based on the HMBC sig-
nals from H3-21 (8y 3.62) to C-6 (§c 171.2), from H,-7 (§y 2.43,
2.83) to C-6, from Hy-2 (6y 2.31, 2.49) to C-1 (§¢ 215.7). The rel-
ative configuration of 10 was confirmed based on the NOESY sig-
nals of H3-17/H-18, H-18/H5-19, H3-19/H-5, H3-17/H-118, and H-
11B8/H-14. Accordingly, the configuration of 10 was determined to
be 4R,5S,85,12R,18R based on the ECD calculations (Fig. S2) and
biosynthetic pathways.

Haploide K (11) showed one fewer degree of unsaturation than
2, and its NMR data were similar to those of 2, except for the pres-
ence of one hemiacetal signal (6y 4.70; 8¢ 97.1) and the absence
of the ketone group. HMBCs from H3-19 to C-3, C-4, C-5, and C-18
(8¢ 97.1); from H3-17 to C-7, C-8, and C-9 (6¢ 75.5); along with the
key 'H-TH COSY signal of H,-1 (8y 1.73)/H,-2, suggested that the
ketone at C-1 was reduced, and epoxidation occurred between C-9
and C-19, unlike 2. The relative configuration of 11 was established
based on the NOESY correlations of H-5/Hs;-19, H3-19/H-18, and
H-1/H-12. Comparing the experimental and calculated ECD curves
(Fig. S2), the absolute configuration of 11 was determined to be
4R,5R,9S,10R,12R,18R.

Haploides L and M (12 and 13) were identified as a pair of C-
5 epimers, sharing the same molecular formula of C;;H,407. The
NMR spectra of 12 closely resembled those of cacofuran B [23],
except for the presence of one keto carbonyl at C-6 (8¢ 203.4),
two ester carbonyls at C-18 (8¢ 177.7) and C-20 (§¢ 177.0), one
oxygenated methine at C-1 (§c 65.2), one oxygenated methyl at-
tached to C-18, and one ether bond between C-1 and C-12, as con-
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firmed by HMBCs from H-12 (6y 4.99) to C-1; from H-1 (64 3.86)
to C-12; from H3-19 (§yx 1.26) to C-3 (8¢ 31.7), C-4 (§¢c 42.4), C-5
(8¢ 59.3), and C-18 (8¢ 177.7); from H3-21 (§y 3.70) to C-18; and
from H-5 (84 3.68) to C-6 (8¢ 203.4) and C-20 (§c 177.0). Its rela-
tive configuration was determined based on the NOESY signals of
H3-19/H-38, H-38/H-1, H-3«/H-5, H-5/H-9, H-9/H3-17, H-9/H-12.
The absolute configuration (1S,4R,55,85,9R,10S,12R) of 12 was con-
clusively determined by combining X-ray diffraction results (Cu Ko
radiation, CCDC 2344628) (Fig. 3). The NOESY signals (H3-19/H-5,
H-5/H-38, H-38/H-1, H-9/H3-17, H-9/H-12) of 13 indicated that it
represents the C-5 epimer of 12. Finally, the absolute configuration
of 13 was determined as 1S,4R,5R,85,9R,10S,12R by single-crystal X-
ray diffraction using Cu Ko radiation (CCDC 2344629) (Fig. 3).

The NMR data of 14 closely resembled those of 19 [20], with
the only difference being the chemical shift at C-1 (§¢ 34.2 in 19vs.
Sc 66.5 in 14), revealing the presence of a hydroxyl group at this
position. This was supported by the 'H-'H COSY signals of H-1
(8y 4.43)[H-2 (84 1.74, 1.91). The relative configuration of 14 was
determined based on the NOESY signals of H-5/H-9, H-118/H-1, H-
1/H-12, and H-14/H3-17. Ultimately, the absolute structure of 14
was determined to be 15,55,95,10S,12R based on the single-crystal
X-ray diffraction using Cu Ko radiation (CCDC 2344634) (Fig. 3).

Haploides O and P (15 and 16) were identified as a pair of C-
5 and C-10 isomers based on their identical molecular formula of
Cy1H»,07. The NMR data of 15 suggested that its planar structure
was similar to that of haplomitrenolide C [20], except that the six-
membered lactone ring was replaced by a five-membered lactone
ring that was connected to the B-ring by spiroC-9, and one ke-
tone was introduced at C-1 (§¢ 207.3). These deductions were con-
firmed by key HMBCs from H3-17 to C-9 (§¢ 51.0); from H,-2 to
C-1; from H-10 to C-9; from H,-11 to C-9, C-12, C-13, and C-20;
from H-12 to C-9, C-11, and C-13; along with the "H-'H COSY sig-
nals of H,-11/H-12. The relative configuration of haploide O (15)
was deduced from NOESY correlations of H-5/H,-11 and H-10/H5-
19. The absolute structure of haploide O (15) was finally confirmed
to be 4R,5R,9R,10S,12R through single-crystal X-ray diffraction using
Cu K radiation (CCDC 2344624) (Fig. 3). Moreover, the absolute
structure of haploide P (16) was established as 4R,5S,9R,10R,12R,
according to the NOESY correlations (H3;-19/H-5 and H,-11/H-10)
and Cu Ka single-crystal X-ray diffraction analysis (CCDC 2344625)
(Fig. 3).

A biogenetic network was postulated for 1-19, rationalizing
their skeletal diversification through aldol-type cascade trans-
formations (Scheme 1). The biosynthetic origin can be traced
to 19, which is derived from geranylfarnesyl pyrophosphate via
a series of enzymatic reactions and then undergoes oxidiza-
tion/[2 + 2] cyclization or oxidization/hemiacetalization to afford 8
and 11, respectively. Central to this network is the C-1 oxidation
event, which generates key intermediate I. Regioselective aldolase-
mediated aldol/retro-Claisen rearrangements at divergent positions
of intermediate I account for the structural divergence observed in
compounds 1-7. Specifically, C9-specific aldol/retro-Claisen trans-
formations of intermediate I produce the labdane-derived deriva-
tives 15 and 16. Structural elaboration of 7 through Claisen/retro-
aldol reactivity at the C10-adjacent ester moiety culminates in the
formation of 18. For 9 and 10, intermediate III undergoes a tandem
sequence cascade involving retro-Claisen cleavage, olefinic double-
bond migration, and subsequent Claisen-type reorganization at C8
to establish their characteristic frameworks.

All isolated compounds were systematically screened for their
anti-inflammatory potential, focusing on their ability to modulate
the secretion of key proinflammatory cytokines. Given the pivotal
role of proinflammatory cytokines, such as IFN-y, TNF-«, and IL-6,
in mediating inflammatory responses through immune cell activa-
tion and tissue damage amplification [24], the anti-inflammatory
efficacy of the compounds was evaluated by measuring their ability
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to suppress these cytokines in ConA-induced murine spleen cells.
Notably, haploide O (15) and haplomitrenolide C (17) demonstrated
significant anti-inflammatory activity, effectively inhibiting the se-
cretion of these proinflammatory cytokines at a concentration of 10
pmol/L (Fig. S15 in Supporting information). These findings high-
light the therapeutic potential of these compounds in mitigating
inflammatory responses.

In conclusion, four unprecedented labdane scaffolds were iso-
lated and identified from H. mnioides: 9,18-cyclolabdanes (1 and 2),
1,10-seco-9,18-cyclolabdanes (3-5), 7,18-cyclolabdanes (6), and 1,10-
seco-1,5-cyclolabdanes (7), along with seven novel labdanes (8-14),
two novel halimane diterpenoids (15 and 16), and three known
congeners (17-19). Interestingly, four pairs of novel diastereomers,
haploides A and B (1 and 2), C and D (3 and 4), L and M (12 and
13), and O and P (15 and 16) were simultaneously isolated. In addi-
tion, the plausible biosynthetic pathways of compounds 1-18 were
deduced to originate from 19 as the starting material through an
aldol-type cascade process. Anti-inflammatory assays revealed that
haploide O (15) and haplomitrenolide C (17) significantly inhibited
the secretion of the proinflammatory cytokines IFN-y, TNF-¢, and
IL-6 in ConA-induced murine spleen cells. These findings provide
valuable insights into the chemical diversity and biological activity
of labdane diterpenoids.
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