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ABSTRACT: An architecturally complex spiroketal diterpenoid, leonuketal (1), was
isolated from the aerial parts of the plant Leonurus japonicus. This compound possessed an
unprecedented tetracyclic skeleton that comprised a bridged spiroketal moiety fused with a
ketal-y-lactone unit. The structure and absolute configuration were determined by
spectroscopic analyses, a modified Mosher’s method, and ECD (electronic circular
dichroism) calculations. Leonuketal (1) showed significant vasorelaxant activity against
KCl-induced contraction of rat aorta, with the ECy, value of 2.32 M.

In Chinese Pharmacopoeia, the aerial parts of Leonurus
japonicus are the only certificated plant sources for “Yi Mu
Cao”, a common traditional Chinese medicine that is often
used for the treatment of various gynecological blood disorders
such as menstrual disturbance, dysmenorrhea, amenorrhea,
blood stasis, and postpartum hemorrhage.1 Chemical inves-
tigations on Leonurus genus (Labiatae) resulted in the discovery
of a large variety of diterpene metabolites, yet with the common
structural features representing the furanolabdane class.” This
diterpenoid class displayed interesting bioactivities, including
anticholinesterase inhibitory, PAF receptor antagonistic,
cortical cultured neurons protective, anti-inflammatory, and
estrogen sulfotransferase inhibitory properties.”

As part of our ongoing investi§ation of bioactive secondary
metabolites from L. japonicus, ot a diterpenoid with an
unprecedented tetracyclic skeleton, namely leonuketal (1)
(Figure 1), was discovered. The highlighted structural feature
includes a bridged spiroketal moiety fused with a ketal-y-lactone
ring. We herein report the isolation, structure elucidation,
bioactivity, and the postulated biogenetic pathway of 1.

Figure 1. Structure of leonuketal (1).
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(—)-Leonuketal (1) was obtained as a colorless gum with the
molecular formula (C,H;,0;) determined by HRESIMS (m/z
4332194 [M + Na]*, caled 433.2202), which indicated six
degrees of unsaturation. The IR spectrum showed characteristic
absorption bands for hydroxyl (3362 cm™") and carbonyl (1787
and 1726 cm™') functionalities. To provide more detailed
structural information, the 'H NMR spectrum (Table 1)
displayed typical signals that corresponded to three tertiary
methyl groups (6 0.75, 0.81, and 1.24), two primary methyl
groups (8 0.98 and 1.20), one oxymethylene group (5y 3.69
and 3.81), four oxymethines (5 3.46, 3.96, 4.48, and 5.31), and
several aliphatic methylenes and methines between d; 1.30 and
2.95 ppm. *C NMR data (Table 1) in combination with DEPT
and HSQC spectra (Figures S7—S9 in the Supporting
Information) resolved 22 carbon signals that corresponded to
the protonated units (S X CH;, 6 X CH,, and 6 X CH) in
addition to five quaternary carbons which were one keto-
carbonyl (5. 213.8), one carboxylic-carbonyl (§: 177.3), one
double-oxygenated carbon (5 100.7), and two all-carbon
quaternary centers (Sc 37.3 and 39.6). The above function-
alities accounted for two out of the six degrees of unsaturation,
and the remaining four degrees suggested 1 to be tetracyclic.

To further establish the bond connections, we began with
ring A (vide infra). Referring to the 2D NMR spectra (Figures
$9—S11 in the Supporting Information), HMBC correlations
from both H;-18 and H;-19 to C-1, C-2, and C-3; from H;-20
to C-3, C-4, and C-5; and from H-3 to C-1, C-2, C-4, and C-5,
together with 'H—'H COSY correlations of H-1/H,-6/H,-S
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Table 1. '"H and *C NMR Data of 1 in Me,CO-d*

no. Ou d¢c

1 3.46 dd (3.0, 2.4) 78.4

2 37.3

3 294 d (2.4) 52.8

4 39.6

Sa 2.39 ddd (13.2, 10.8, 8.4) 20.7

5b 1.56 dddd (13.2, 10.8, 2.4, 2.4)

6a 1.87 m 23.2

6b 1.81 m

7 100.7
8a 1.79 ddd (132, 4.8, 2.4) 26.3

8b 1.34 ddd (132, 13.2, 4.8)

9a 2.24 dddd (13.8, 13.2, 6.0, 4.8) 16.4

9b 2.00 dddd (13.8, 4.8, 2.4, 2.4)

10 2.78 ddd (6.0, 4.2, 2.4) 37.5

11 448 d (42) 732

12 531s 105.9
13 177.3
14 213.8
15 3.96 m 80.1

16a 1.90 m 27.2

16b 1.40 m

17 098 t (7.2) 10.2

18 0.81s 23.7

19 124 s 30.1

20 0.75 s 19.1

21a 3.81 dq (9.6, 7.2) 65.6

21b 3.69 dq (9.6, 7.2)

22 120 t (7.2) 15.3

“NMR data (5) were measured at 600 MHz for 'H and at 150 MHz
for 3C. The assignments were based on DEPT, 'H-'H COSY,
HSQC, and HMBC experiments.

(Figure 2), indicated the presence of a six-membered
carbocycle (A) with geminal dimethyl groups at C-2 and one

= 1H.1H COSY

~HMBC

Figure 2. Key '"H-"H COSY and HMBC correlations of 1.

methyl substituent at C-4. The existence of a 2-hydroxybuta-
noyl side chain was determined by the HMBC correlations,
from H;-17 to C-15 and C-16, and from H,-16 to C-14 (8¢
213.8), together with the "H—'H COSY correlations of H-15/
H,-16/H,-17.

This side chain was proven to be attached to C-3 of ring A by
the HMBC correlations from H-3 to C-14 and C-15. Moving
forward to elucidate the structure of rings B and C, the HMBC
correlations, from H-1, H-3, H,-5, H,-8, H,-9, H-11, and H;-20
to the spiro carbon C-7; from H,-5, H,-6, and H,-8 to C-4; and
from H,-8, H-10, and H-11 to C-9, in conjunction with the
COSY signals of two isolated proton spin systems of H-1/H,-
6/H,-S and H,-8/H,-9/H-10/H-11 together indicated that (1)
the two oxygen atoms on C-7 were attached to C-1 and C-11
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respectively and (2) the two quaternary centers (C-4 and C-7)
were adjacent. Rings A, B, and C therefore united a bridged
spiroketal moiety. For the remaining part of the molecule, the
low field chemical shifts for H-12 (5y 5.31) and C-12 (5
105.9) in addition to the COSY correlation of H-21a (&4
3.81)/H-21b (8 3.69)/H-22 (6y; 1.20) suggested the presence
of an ethyoxyl substitution.” Further elucidation from HMBC
correlations from H,-9 and H-11 to C-13 (the ester carbonyl,
8¢ 177.3); from H-12 to C-10, C-11, C-13, and C-21; and from
H,-21 to C-12 established an ethyoxyl substituted y-lactone
unit (ring D) which was fused with ring C at the C-10 and C-11
positions. The planar structure of 1 was therefore completed.

The relative configuration of the polycyclic part was deduced
from analysis of the NOESY spectrum and homonuclear
coupling constants (3]H,H)' NOESY correlations of H;-18 with
H-5a and H-6b indicated that the “CH,-5—CH,-6” bridge and
H;-18 were on the same orientation, while the NOESY
correlation of H;-19 with H-3 but with neither H,-5 nor H,-6
indicated that H;-19 and H-3 were on the opposite orientation
(Figure 3). The important NOESY correlation of H-8a with H-
3 established the relative configuration of spiro carbon C-7.

¢~ "\ NOESY

Figure 3. Key NOESY correlations of 1 (based on the computed
lowest energy confirmation).

In turn, to relate the stereochemistry of C-10 and C-11 to C-
7, detailed J coupling analysis (Jiy.g,0, = 4.8 Hz, Jiyg,0p = 2.4 Hz,
Jrsba = 13.2 Hz, Jyy g 0p = 4.8 Hz, Ji9,10 = 6.0 Hz, Jyyg,,10 = 2.4
Hz, and Ji1,0,, = 4.2 Hz) was carried out to assign the bond
orientations for the protons in the chairlike ring C. These *J
values indicated that H-8a, H-9b, and H-10 were located in the
equatorial positions while H-8b, H-9a, and H-11 were in the
axial positions. Confirmed by the NOESY correlations of H-9a
with H-8a; of H-10 with both H-9a and H-9b; of H-11 with H-
9a; and of H;-19 with H-8a and H-9a, the spatial proximity of
H;-19, H-8a, H-9a, H-10, and H-11 was revealed. The cis fusion
of the C/D ring was verified based on the NOESY correlation
of H-10 and H-11 together with the small coupling constant of
Teronn (42 Hz).° The relative configuration of C-12 was
assigned based on the coupling constant of *Jy 1, (& 0 Hz)
which suggested that the dihedral angle between H-11 and H-
12 was about 90° and this orientation requires a trans
relationship of H-11 with H-12. This assignment was confirmed
by the NOESY correlation of H-12 with H-11 and no NOESY
correlation of H-12 with H-10.

However, the relative configuration of C-15 to the remaining
stereogenic centers could not be determined by NOESY
experiment due to the bond rotations of the side chain.
Nevertheless, a modified Mosher’s method® was applied to
determine the absolute configuration of C-15 directly.
Esterification of 1 with (R)-(—)- and (S)-(+)-a-methoxy-
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phenylacetic acid (MPA) afforded the corresponding Mosher’s
ester derivatives 1a [1-(R)-MPA] and 1b [1-(S)-MPA]. The 'H
NMR data for these two diastereomers (Table S1 in the
Supporting Information) were assigned on the basis of "H—"H
COSY experiments. By applying the MPA determination rule
based on the A values® (Figure 4), the absolute configuration
of C-15 in 1 was therefore determined as R.

1a, R = (R)}-MPA
1b, R = (S)}-MPA

Figure 4. ASy values (8 — 8, in ppm) for 1a and 1b.

To determine the absolute configuration of the polycyclic
part, ECD calculations, applying the time-dependent density
functional theory (TDDFT) method,”” were performed.
According to the above-mentioned stereochemical analysis,
the absolute configuration was either 1R,35,4S,7S,10S,11R,-
12R,15R (1A) or 1S,3R,4R,7R,10R,115,125,15R (1B), which
were modeled respectively and used for the ECD calculations
(Figure S). As a result, both 1A and 1B showed a similar

Figure S. Proposed absolute configurations of 1 (1A and 1B) in ECD
calculation.

negative Cotton effect around 290 nm (Figure 6) but opposite
Cotton effect around 225 nm (positive in 1A and negative in
1B). By comparing the 200 to 260 nm region of these three
curves, the experimental ECD spectrum of 1 matched with the
calculated ECD spectrum of 1A, and the absolute configuration

of leonuketal A (1) was assigned as 1R,354S,75,10S,11R,
12R,15R.

With the structure of 1 elucidated, we next postulated the
biosynthetic pathway (Scheme 1). Starting from a possible

Scheme 1. Postulated Biogenetic Pathway of 1

HO™

HO™

Leonuketal (1)

common biosynthetic intermediate 2 that resembles sibirici-
none B,” Michael addition from water provided 3 which would
then undergo oxidative cleavage to give triketone 4. A
subsequent cyclization led to hemiketal 5, and the following
spiroketalization via the oxocarbenium intermediate 6 afforded
7 with the tetracyclic skeleton established. Finally, the C-8
carbonyl of 7 could be reduced to yield 1.

e Leonuketal
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Figure 7. Concentration—response curves of leonuketal (1) and
methoxyverapamil.
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Figure 6. Experimental ECD spectrum of 1 (black) and the calculated
ECD spectra of 1A (red) and 1B (blue).
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Recently, several types of diterpenoids such as kaurane-type,
labdane-type, pimarane-type, and abietane-type have been
found to exhibit pronounced cardiovascular effects, which
hold promise for the development of cardiovascular therapeutic
agents.'” Among these, a large number of diterpenoids
exhibited vasorelaxant properties against KCl-induced contrac-
tion, such as marrubenol, marrubiin, (12R)-12-hydroxy-
cascarillone, ent-18-hydroxytrachyloban-3f-ol, ent-18-hydroxy-
isopimara-7,15-diene-3/-ol, grandifolia B, and isograndifoliol.11
Based on this information, leonuketal (1) was then evaluated
for the vasorelaxant activity on the aorta of Sprague—Dawley
rats."'¢ The compound exhibited significant vasorelaxant effects
on aortic segments with an ECs, value of 2.32 uM but was less
potent than the positive control, methoxyverapamil (ECy, =
0.58 uM), a well-known cardiovascular drug with pronounced
vasorelaxant activity against KCl-induced contraction."” Inter-
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estingly, leonuketal (1) inhibited the aortic contraction evoked
by a high-level KCl solution in an obvious dose-dependent
manner (Figure 7). Since Ca®* plays a central role in the
regulation of vascular tension and high-level K'-induced
contractions are linked to the opening of Ca" voltage-sensitive
channels,"® the vasorelaxant activity of 1 may be associated with
their ability to block extracellular Ca?" influx. In addition, an in
vitro cytotoxic activity assay indicated that leonuketal (1) had
no effect against four kinds of human cancer cell lines (AS49,
MCEF-7, HepG-2, and MDA-MB-231) at a concentration of 50
HUM.

In summary, the intriguing structure of leonuketal (1) as well
as the disclosed bioactivity suggested it as a valuable target for
further studies in related areas. A more detailed study on L.
japonicus is ongoing in our laboratory.
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