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KEY WORDS Abstract Twelve new grayanoids (1—12) along with five known compounds were isolated from
flowers of Rhododendron molle. Their structures were fully characterized using a combination of spec-

Rhododendron molle; troscopic analyses, computational calculations, and single crystal X-ray diffraction. Rhomollone A (1)

gf;g::g;?’ possesses an unprecedented 5/6/6/5 tetra-cyclic ring system (B-nor grayanane) incorporating a cyclopen-
Dimeric: tene-1,3-dione scaffold. Rhodomollein XLIII (2) is a dimeric grayanoid, containing a novel 14-membered
Antinociceptive; heterocyclic ring with a C, symmetry axis. The antinociceptive activities of compounds 3, 4, 6, 7, and 12
Analgesic —17 were evaluated by an acetic acid-induced writhing test. Among them, compounds 3, 7, 12, 15 and 16

displayed significant antinociceptive activities at a dose of 20 mg/kg with inhibition rates ranging from
41.9% to 91.6%. Compounds 6 and 13 inhibited 46.0% and 39.4% of the acetic acid-induced writhes at a
dose of 2 mg/kg, while compound 17 inhibited 34.3% of the writhes at a dose of 0.4 mg/kg.
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1. Introduction

The flowers of Rhododendron molle (naoyanghua) have a long
history of application in China and are still used for the alleviation of
rheumatism arthralgia, migraine headache, and other pain symp-
toms'. Our previous investigations have revealed several grayanane-
type diterpenoids from the roots of R. molle, exhibiting highly
potent antinociceptive activity”. R. molle has been regarded as a
prolific source of grayanane and related diterpenoids®. Recently, we
have reported studies on the chemical composition of the roots and
fruits of R. molle in a series of papers, revealing the occurrence of
new grayanane-related carbon skeletons, such as 1,10:2,3-
disecograyanane”, mollane (C-nor-D-homo-grayanane)’, and rho-
domollane (D-homo-grayanane)®. Furthermore, Yao et al.”* have
also discovered C-nor-grayanane’, 2,3:5,6-disecograyanane®, and
mollebenzylane” from the leaves of this herb.

In our continuing efforts to identify structurally unique and
biologically interesting diterpenoids from rhododendrons, 17
compounds (Fig. 1), including rhomollone A (1), which is a
grayanane-derived norditerpenoid with a novel 5/6/6/5-fused ring
system incorporating a cyclopentene-1,3-dione scaffold, and rho-
domollein XLIII (2), which is a dimeric grayanoid with a C, sym-
metry axis containing a novel 14-membered heterocyclic ring, were
obtained from the flowers of R. molle, collected in Guangxi prov-
ince, China. Herein, we report the isolation, structural elucidation,
and bioactivity of the compounds as well as a plausible biosynthetic
pathway for 1.

2. Results and discussion

Rhomollone A (1), [a]ZDO —5.0 (¢ 0.1, MeOH), was isolated as a
white powder. Its molecular formula, C;9H,¢Os, was established by
HR-ESIMS: m/z 357.1676, Calcd. for [M+Na]™ 357.1672,

5 Ry=H;R,=OH;Ry=H
13R1=CH3;R2=H;R3=H
14 Ry = CH3; Ry = H; Ry = Ac

15R1=H;§2=H;R3=AC 6

10 R=g-OH, H
16R=0

Figure 1

HO

Table 1 NMR data for compounds 1 and 2 in CsDsN (J in
Hz)".

No. 5]—[ 6(; No. 51.[ (30

1 - 157.0 1/1"  2.96 (brs) 59.4

2 = 154.4 2/2"  5.02 (brs) 84.6

3 = 207.2 3/3'  4.07 (d, 4.5) 86.7

4 - 478 4/4 — 52.1

5 = 2064 5/5° — 85.5

7 213(d, 18.5) 27.6 6/6/ 4.59 (m) 76.1
3.74 (d, 18.5)

8 — 49.0 7/7 2.28 (m) 45.1

2.80 (dd, 5.6, 14.0)

9 1.78 (m) 536 8/8 — 51.8

10 — 70.1 9/9° 2.28 (m) 55.9

11 1.72 (m) 193 10/10' — 71.3
2.02 (m)

12 1.79 (m) 273 11/11' 1.62 (m) 22.5
2.46 (m) 1.86 (dd, 14.5, 6.3)

13 2.46 (m) 55.3 12/12' 1.49 (m) 26.5

2.51 (m)

14 5.02 (d, 3.0) 77.0 13/13" — 51.6

15 198 (d, 14.4) 54.5 14/14" 5.57 (s) 81.8
2.37 (d, 14.4)

16 — 80.4 15/15" 2.26 (s) 62.5

17 1.60 (s) 24.6 16/16' — 79.4

18 1.20 (s) 20.8 17/17 1.45 (s) 23.4

19 091 (s) 20.1 18/18 1.96 (s) 23.7

20 1.83 (s) 27.5 19/19’ 1.70 (s) 22.1

20/20' 1.91 (s) 28.7

Measured at 500 (‘H) and 125 (*C) MHz. —Not applicable.

indicating seven degrees of unsaturation. The IR spectrum suggests
the presence of a hydroxy group (3256 cm™") and «,-unsaturated
ketone (1689 cm™ ") groups in 1. The "H NMR data (CsDsN, Table
1) of 1 display diagnostic signals for four tertiary methyls (6y 0.91,

R

1M1R=0 17
12R=6-OH,H

Structures of compounds 1—17 isolated from flowers of R. molle.
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Figure 2 Selected '"H—'H COSY, HMBC, and NOE correlations
for compound 1.

O HO . 0.018

0.23
0.088 148 A

003 OR OH
1a R = (R)-MTPA
1b R = (S)-MTPA

Figure 3  Ads_r values (in ppm) obtained for (R)- and (S)-MTPA
esters 1a and 1b.

Figure 4

X-ray structure of 1a.

1.20, 1.60, and 1.83). The '>C NMR data (CsDsN, Table 1) reveal 19
carbon resonances that are distinguished via DEPT (distortionless
enhancement by polarization transfer) and HSQC (heteronuclear
single quantum coherence) data to be four methyls, four methylenes,
three methines (including one oxygenated at dc 77.0), and eight
quaternary carbons (including two carbonyls at 6c 207.2 and 206.4,
two unsaturated at 6c 157.0 and 154.4, and two oxygenated at dc
80.4 and 70.1). The results of above mentioned analysis account for

3 out of 7 degrees of unsaturation, indicating four additional rings in
the structure of 1.

The analysis of the '"H—"H COSY spectrum of 1, aided by an
HSQC experiment, revealed the connectivity of CH(9)—
CH,(11)—CH,(12)—CH(13)—CH(14) (fragment a, bolded in
Fig. 2). In the HMBC (heteronuclear multiple bond correlation)
spectrum of 1 (Fig. 2), correlations from two gem-dimethyl sin-
glets (Hs3-18 and H3-19) to carbons C-3 (¢ 207.2), C-4 (6¢c 47.8),
and C-5 (6c 206.4); from H-7 to C-1 (6c 157.0), C-2 (6c 154.4),
and C-3; and from H3-20 to C-1 allows a 2,2-dimethyl-4-
cyclopentene-1,3-dione substructure (ring A in Fig. 1) to be
defined. A six-membered ring (ring B in Fig. 1) was determined
by the HMBC correlations from H,-7 to C-1, C-2, C-3, C-8, and
C-9 as well as the correlations from H3-20 to C-1, C-9, and C-10.
In the same way, the structures of rings C and D were established
by the HMBC correlations from H,-7 and H,-15 to C-9 and C-14
(two ends of fragment a), which are the same as those of typical
grayananes. Thus, the planar structure of 1 was determined to
possess an unprecedented 5/6/6/5-fused ring system incorporating
a cyclopentene-1,3-dione scaffold.

The relative stereochemistry for 1 was established by analysis
of its NOESY (nuclear overhauser effect spectroscopy) spectrum.
NOE correlations of H-14/H-12 and H-12/H-13 indicates the chair
conformation of ring C, also suggesting the 1,3-diaxial orientation
of H-12 and H-14 and the equatorial orientation of H-13. NOE
correlation between H-9 and H-15b suggests that H-9 is equatorial
because C-15 and C-16 must adopt a 1,3-diaxial orientation to
form a bicyclo[3.2.1]octane ring system. In contrast, H3-17 cor-
relates with H-12b, which means that C-17 is in the $-orientation.
Therefore, key NOEs of H-14/H-12, H-12/H-13, H-9/H5-20, H-9/
H-7b, H-9/H-15b, H-15b/H;3-17, and H-12b/H;3-17 indicates that
H-9, CH;-20, H-7b, H-15b, and CH3-17 are co-facial (Fig. 2).
Efforts to determine the absolute configuration of compound 1
using the modified Mosher’s method were undertaken'®. The re-
action of 1 with the (S)- and (R)-MTPA acid chlorides gave the
Mosher esters 1a and 1b, respectively. 1D and 2D NMR data
allow assignment of the proton signals for 1a and 1b. Analysis of
the Ads_r values for the two diastereomeric esters 1la and 1b
(Fig. 3) enabled assignment of the absolute configuration at C-14
as R. Then, 8S, 9R, 10R, 13R, 14R, and 16R configurations could
be assigned to 1 on the basis of relative configuration.

Fortunately, a crystal of 1a was obtained from MeOH/H,0. The
crystal structure was obtained by X-ray diffraction (Fig. 4) with a
Flack parameter of —0.2(4). The crystallographic data of 1 have
been deposited (deposition number 1885773) at the Cambridge
Crystallographic Data Centre (CCDC, Cambridge, UK). The X-ray
crystallographic data corroborated the planar structure and provided
independent confirmation of the absolute configuration assignment
of 1, obtained by the modified Mosher’s method.

Rhomollone A (1) is the first example of a rearranged graya-
nane skeleton with unique 5/6/6/5 tetra-cyclic ring system. We
named this new skeleton “rhomollane”. The plausible biosynthetic
origin of the rhomollane skeleton could be traced back to a
grayanane precursor (rthodojaponin VI) as shown in Scheme 1. In
the pathway we proposed, key steps involving oxidation, oxidative
ring-opening, and intramolecular aldol condensation lead to the
production of intermediate iv''. Then, intermediate iv undergoes
dehydration and decarboxylation steps to afford 1.

Rhodomollein XLIII (2), [a]2 —11.0 (¢ 0.1, MeOH), was
obtained as a white amorphous powder. The molecular formula
of 2 was established to be C4oHesO1, by HR-ESIMS data at
miz 735.4313 [M—H]™ (Calcd. 735.4325) corresponding to 9
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Rhodojaponin VI i

o HO H o HO H
+H
D oH
S5 %% OH dHo .
HO o HO” Yo OH OH
iii v

i
Scheme 1

degrees of unsaturation. The 'H and ')C NMR data of 2
(Table 1) provide evidence for half of the expected proton and
carbon resonances, which are assigned as belonging to four
methyls, four methylenes, seven methines (including four
oxygenated at dc 76.1, 81.8, 84.6, and 86.7), and five qua-
ternary carbons (including three oxygenated at dc 77.3, 79.4,
and 85.5). The above data are consistent with the feature of
typical grayanoids.

Further structure elucidation based on '"H—'H COSY, HSQC,
and HMBC experiments (Fig. 5) reveal a high degree of similarity
with those previously reported for rhodojaponin VIZ. However, a
peculiar correlation from the signal at dy 5.57 (H-14) to the signal
at 6c 84.6 assigned to the carbon C-2 (actually C-2') that was
observed in the HMBC spectrum allow us to assume that the
compound had a dimeric structure, in which C-14 and C-2' as well
as C-2 and C-14' are linked via oxygen bridges.

The relative configuration of 2 was assigned mainly using
NOESY correlations (Fig. 5). Key NOEs of H-1/H-14, H-1/H-6,
H-6/H3-18, and H-3/H;-18 establish the «-orientation for H-1,
CH;-18, H-14, H-6, and H-3. Similarly, the NOE correlations of
OH-3/H;-19, Hb-11/H;3-17, H-2/H;-20, OH-5/H;-19, OH-5/H;-20,
OH-10/Ha-11, and OH-5/H-9 indicate that OH-3, H-2, CHs-19,
CH;3-17, CH3-20, OH-5, and H-9 are (-oriented.

Upon treatment of 2 with 1 equiv. of 4-bromobenzoyl
chloride in pyridine, a 4-bromobenzoic acid ester 2a was
obtained as the major product. The HR-ESIMS data establish
the molecular formula of 2a as C4;Hg;BrO;3 (m/z 917.3674
[M—H] ", Calcd. 917.3692), which is consistent with the result
expected for a monoacylated product. In addition, the signal
for H-3 is shifted significantly downfield (from o6y 4.07 to
5.46) relative to that of 2, indicating that the hydroxyl group

-~ HMBC

- COSY »—x NOE

Figure 5  Selected '"H—'"H COSY, HMBC, and NOE correlations
for compound 2.

0 HO
H
-H,0 o,
0
HO~ g OH OH
v

Proposed biosynthetic pathway for 1.

O HOJ o HO J 4
2 5
O J—
7 OH — OH
0 6 OH
HO" Y0 HO" Y0

at C-3 is acylated in 2a. HMBC and HSQC data were ob-
tained for 2a to verify the proposed structure. The HMBC
correlations observed from H-3 to ester carbonyl at 6c 165.7
confirm the acylation site at C-3. A systematic conformational
analysis was performed for 2a-1 (one of the possible enan-
tiomers of 2a, Fig. 6) using the MMFF94 molecular me-
chanics force field calculation, which afforded two major
conformers (Supporting Information).

The ECD (electronic circular dichroism) calculation was per-
formed after optimization of the selected conformers using the
ZINDO method'?. The experimental ECD spectrum of 2a agrees
well with the calculated ECD of 2a-1
(15,2R,3R,5R,6R,85,9R,10R,13R,14R,16R) and is the opposite of
that of 2a-2 (Fig. 6). Thus, the absolute configuration of 2 is
established. Rhodomollein XLIII (2) is a dimeric grayanoid with a
C, symmetry axis, containing a novel 14-membered heterocyclic
ring.

Br, i Br

(10D
S

HO OH HO
HHo OHH
2a-1 2a-2
1.24
= = = Calculated ECD of 2a-1
++++ Calculated ECD of 2a-2
Experimental ECD of 2a
0.6+
E
& -
g 004k
N
%Y 7
< D\ ’
\ ’
-0.6- e
-1.2 - ; . |
210 250 290 330 370
Wavelength (nm)
Figure 6 Calculated and experimental ECD spectra of 2a.
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Table 2 'H NMR spectroscopic data for compounds 3—7 in pyridine-ds (6 in ppm, J in Hz).
No. 3 4 5° 6" 7°
1 3.72, d (10.8) 3.84, d (9.0) 2.78, d (10.2) 2.17, m 3.01,d (7.2)
2 4.98, m 5.06, dd (9.0, 3.0) 5.15, ddd (10.2, 7.2, 3.6) 4.84, dd (9.0, 3.0) 4.57, dd (8.8, 7.2)
3 4.11,d (4.2) 4.07, d (3.0) 4.00, dd (7.2, 5.4) 4.10, d (3.0) 4.61, d (8.8)
4 — - — - —
5 P J— R R -
6 4.50, brd (6.6) 5.79, brd (4.5) 5.01, m 4.35, brd (10.5) 4.29, brd (4.8)
7 2.83,d (12.0) 2.81, dd (16.0, 5.5) 2.50, dd (13.2, 10.8) 2.73, brd (14.0) 1.88, dd (14.4, 4.8)
2.98, m 2.90, brd (16.0) 3.00, dd (13.2, 4.8) 3.05, dd (14.0, 10.5) 2.78, brd (14.4)
8 — — — — —
9 - - 2.14, m - 2.12, dd (9.6, 7.2)
10 = = = 3.33, m =
11 2.37, m 2.20, m 1.62, m 5.29, brs 1.48, m
2.72, dd (144, 6.6) 2.63, m 2.17, m 1.62, m
12 1.49, m 1.46, m 1.73, m 2.25, m 1.68, m
1.73, m 1.76, m 271, m 2.34, m 1.74, m
13 2.42, brs 242, m 2.54, brs 2.55, brd (3.5) 2.26, brd (7.2)
14 4.09, d (6.0) 4.03, brs 5.11, brd (7.2) 4.56, brs 4.96, brs
15 2.45, d (15.6) 2.39, d (15.0) 2.18,d (14.4) 2.16, d (13.5) 1.95, d (14.0)
2.94, d (15.6) 2.73, d (15.0) 2.33,d (14.4) 2.29,d (13.5) 2.34, d (14.0)
16 = = = = =
17 145, s 1.62, s 1.56, s 1.49, s 1.49, s
18 1.07, s 121, s 4.11, dd (10.8, 5.4) 145, s 1.51,s
4.25, dd (10.8, 3.6)
19 1.38, s 148, s 1.79, s 1.81, s 148, s
20 232, s 2.14, s 1.96, s 1.65, d (7.0) 1.58, s
1 5.88, s = = = =
2! = 1.94, s = = =
3 7.65, brs — — — —
4 = = - - —
5 - - - - -
6 7.33, brd (8.0) = = = =
7 7.25, brd (8.0) - - - =

Recorded at 500 MHz. "Recorded at 600 MHz. Recorded at 800 MHz. —Not applicable.

Compound 3 (thodomollein XLIV) was obtained as an amor-
phous solid and had the molecular formula C,;H3¢0g based on the
HR-ESIMS data, acquiring an index of hydrogen deficiency (IHD) of
10. The IH, 13C, and DEPT NMR spectroscopic data of 3 (Tables 2
and 4) display signals assignable to a grayanane attached with a
1,3,5-trisubstituted aromatic moiety [dy 7.65 (brs), 7.33 (brd,
J = 8.0Hz), and 7.25 (brd, J = 8.0 Hz)]. The 'Hand '*C NMR data
of 3 are similar to those of a known diterpenoid, rhodomicranol B'*.
The only difference is that 3 is found to have an additional hydroxyl
group and the double bond is at different position. The HMBC cor-
relations from H-2 to C-1, C-3, C-4, and C-5 place the additional
hydroxyl at C-2. Meanwhile, the double bond was determined to be at
A°1? by HMBC correlations from H-2 to C-10, H,-7 to C-9, as well
as H3-20 to C-9 and C-10. The key NOESY correlation between H-1
and H-6 suggested that H-1 is also a-oriented'”.

Compound 4 (rhodomollein XLV) was obtained as a white
powder with the molecular formula of C,,H3407 on the basis of
(+)-HR-ESIMS ion peak at m/z 433.2202 [M+Na]* (Calcd. for
CyH3,0,Na, 433.2197) and '*C NMR data (Table 4), suggest-
ing that 4 possessed 6 degrees of unsaturation. A comparison of
its "H and "*C NMR spectra with those of rhodomollein XXVI
reveals the two structures to be closely related”. The only dif-
ference is the presence of signals at 6y 170.8, 21.8 and 6¢c 1.94
corresponding to an additional acetyl group in 4. In the HMBC
spectrum, cross-peaks due to the signals for H-6 (dy 5.79) with
the carbon signals at 6c 170.8 (C-1) were observed, and

consequently it was inferred that the acetyl group is attached at
C-6.

The HR-ESIMS of compound 5 (rhodomollein XLVI) gives a
molecular formula of CooHs,Og. The 'H and '*C NMR data of 5
closely resemble those for rhodojaponin VI>. The major difference
between the two compounds is that a methyl of 5 is substituted by
a hydroxyl group. The hydroxyl is placed at C-18 by the HMBC
correlations from H,-18 to C-3, C-4, C-5, and C-19.

The molecular formula of compound 6 (rhodomollein XLVII)
was deduced as C,oH3,06 by HR-ESIMS with an IHD of 5. Analysis
of the NMR spectra shows that compound 6 has a typical grayanane
skeleton with one double bond (6y 5.29; 6c 113.8 and 157.2). The
double bond was determined to be at A*!" by HMBC correlations
from proton at dy 5.29 to C-8, C-9, C-10, and C-13. A group of
methyl protons appears as a doublet and correlated with C-1, C-9,
and C-10 in the HMBC spectrum, suggesting that the C-10 position
is unhydroxylated. Key NOESY correlations of H-10/H-7b and H-
15b/H-7a indicate the a-configuration for H-7b and H-10.

Compound 7 (rhodomollein XLVIII) exhibites a molecular
formula of CoH3,0s, as deduced from its HR-ESIMS data, which
indicate an IHD of 5. Its NMR spectroscopic data are comparable
to those of principinol B with exception of absence of the double
bond and the C-2 and C-16 of compound 7 are hydroxylated. In
the NOESY spectrum, key correlations of H-2/H5-19, H-3/H3-18,
H-1/H-3, H-1/H-14, H-6/H;3-19, H-9/H-15a, and H-15a/H;-17
suggest a §-configuration for H-2 and Hs-17.
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Table 3 'H NMR spectroscopic data for compounds 8—12 in pyridine-ds (¢ in ppm, J in Hz).
No. 8 9 10° 11 12°
1 3.27, d (4.0) 3.02,d (7.5) 5.28, dd (9.0, 5.0) 2.68, m 2.44, dt (13.0, 3.5)
2 6.19, brd (4.0) 5.13, m 242, m 2.30, m 1.53, m
2.73, m 2.67, m 2.38, t (13.0)
3 3.99, brd (4.5) 3.98, brs = 4.20, brs 3.50, brd (8.0)
4 - J— R R R
5 = = 4.26, brs = 3.95, brd (2.5)
6 4.72, brs 5.83,dd (11.5, 4.5) 4.97, m 2.81, dt (12.0, 3.0) 1.97, m
7 2.61, m 2.40, dd (13.5, 11.5) 2.51, m 1.82, m 1.92, m
2.96, dd (13.5, 4.0) 2.69, dd (13.5, 4.5) 2.22, m 2.58, m
8 — - — - —
9 2.19, brd (6.5) 2.18, m 224, m 1.69, m 1.81, m
10 = = = = =
11 1.69, m 1.74, m 1.96, m 1.89, m 1.97, m
2.01, dd (14.5, 6.5) 2.17, m 2.57, dd (15.0, 7.0) 2.62, m
12 1.64, m 1.55, m 4.07, m 2.04, m 2.05, m
2.61, m 2.53, m 2.14, dd (13.0, 7.0) 2.18, m
13 2.50, brs 2.84, brs 3.13, m — —
14 5.07, brd (7.0) 5.15, m 3.14, m 2.05, m 2.12, d (10.5)
2.22, m 2.29, d (10.5)
15 2.15, d (14.5) 5.11, s 1.89, d (13.0) 1.71, m 1.81, m
231, d (14.5) 1.98, d (13.0) 2.19, d (14.0) 221, d (14.0)
16 = = = = =
17 1.54, s 1.77, s 1.84, s 1.45, s 1.49, s
18 148, s 1.38, s 1.74, s 1.21,s 1.51, s
19 1.74, s 1.58, s 1.57, s 1.50, s 0.94, s
20 1.90, s 1.94, s 1.69, s 1.61, s 1.53, s
g = = = = =
2/ 2.63, m 1.98, s = = =
2.66, m
3/ 2.60, m = = = =
2.70, m
4 = = - - —
5 359, s - - - -

“Recorded at 500 MHz. —Not applicable.

Compound 8 (rhodomollein XLIX) gives a molecular ion peak
at m/z 523.2517 [M+Na] ™" in the HR-ESIMS (Calcd. 523.2514),
corresponding to the molecular formula C,sH400;¢ (6 IHD). A
comparison of the NMR data of 8 with those of rhodojaponin VI
indicates that the two compounds have the same structures, except
for the mono-methyl succinate group”. The mono-methyl succi-
nate group is located at C-2 based on the HMBC correlations from
H-2 to 6¢c 172.6 (C-1").

The molecular formula of 9 (rhodomollein L) was determined
as Cy,H340; by HR-ESIMS. The 'H and '*C NMR data of 9 are
similar to those of rhodomollein X'*. However, signals for an
additional acetyl group (6c 21.9 and 170.2) in 9 were observed. In
the HMBC spectrum, the H-6 proton shows a >J correlation with
the carbonyl carbon of the acetyl group (6¢ 170.2), confirming the
location of the acetyl group at C-6.

Compound 10 (rthodomollein LI) was determined to have the
molecular formula C,gH3,0¢, from the HR-ESIMS (m/z 391.2106
[M+Na]*, Calcd. 391.2091) and NMR spectra, implying 5 IHD.
The NMR data of 10 are similar to those of seco-rhodomollone
with two exceptions'”. First, the carbonyl group in 10 is located
at C-3 instead of C-5, which is supported by the HMBC corre-
lations from H-1 and H,-2 to C-3 (6¢ 215.2). Second, compound
10 has an additional hydroxyl group at C-12, and this assignment
is supported by the HMBC correlations from H-9, H-13, and H-14
to C-12 (6¢ 75.6). The NOE correlations of H-12/H5-17 and H-12/
H-9 indicate that the OH-12 is «-oriented.

The molecular formula of 11 (rhodomollein LII) is defined as

C,0H3,0s, indicating an IHD of five. The NMR data of 11 are
similar to those of rhododecorumin IIT'®. Further structural anal-
ysis via 2D NMR data indicates that 11 has a 10-OH group instead
of the terminal double bond at A'®®®_ The NOE correlations of H-
1/H-9, HO-3/H-1, H-6/H5-18, and H-6/H3-20 indicate that HO-3,
H-1, and H-9 are (§-oriented and that H-6, CH5-18, and CH3-20 are
a-oriented.

Compound 12 (rhodomollein LIII) was obtained as white
powder. The molecular formula, deduced to be C,oH3405 by
HR-ESIMS, contains two more protons than 11. The 'H and
13C NMR spectra of compound 12 show distinct similarities
with compound 11 except that the carbonyl group at C-5 is
reduced to hydroxyl group in 12, which is proved by the
HMBC correlations form H-1, H-7, H3-18, and Hs-19 to C-5
(6c 77.0). In the NOESY spectrum of 12, the correlations of
OH-5/H-1, OH-3/H-1, H-1/H-9, and H-6/H3-20 suggest that
OH-3, OH-5, H-1, and H-9 are (-oriented and that H-6 and
CH;-20 are «-oriented.

The other known compounds isolated were identified as 2-O-
methylrhodojaponin VI (13)'7, 2-O-methylrhodomollein  XI
(14)"7, rhodomollein XI (15)'*, seco-rhodomollone (16)'°, and
kalmanol (17)'® by comparison of experimental and reported
spectroscopic data.

The antinociceptive activities of compounds 3, 4, 6, 7, and
12—17 were evaluated by an acetic acid-induced writhing test, as



Antinociceptive grayanane-derived diterpenoids 1079
Table 4 '>C NMR spectroscopic data for compounds 3—12 in pyridine-ds (6 in ppm).

No. 3 4 5° 6" 7 8 9° 10° 11° 12°
1 50.2 52.9 54.8 57.8 59.7 60.3 59.1 122.8 50.3 42.0
2 82.0 82.2 78.4 83.8 77.8 84.7 80.1 34.2 29.2 44.6
3 88.1 88.2 81.5 90.4 84.1 85.6 86.6 215.2 78.0 80.5
4 46.3 47.9 53.9 48.2 46.9 51.1 49.7 52.2 50.6 38.8
5 93.6 84.9 82.2 85.4 89.0 85.9 83.5 78.4 216.1 77.0
6 77.1 71.6 74.4 72.4 76.9 74.6 78.2 71.6 45.6 374
7 38.8 394 449 35.7 32.6 44.9 37.2 39.9 41.0 29.8
8 57.2 57.2 52.6 52.5 47.1 52.9 55.8 84.9 41.1 41.7
9 138.1 138.7 56.1 157.2 57.5 55.5 49.4 50.0 54.6 55.2
10 1249 124.2 78.5 31.3 83.7 77.9 79.3 140.4 75.0 75.1
11 26.8 26.5 22.5 113.8 19.4 22.9 23.1 42.1 20.8 21.0
12 27.1 27.0 27.7 30.7 25.2 27.3 25.1 75.6 34.6 34.7
13 54.6 54.2 57.1 55.0 52.9 57.0 56.8 65.1 81.0 81.1
14 88.6 88.6 79.8 80.8 79.2 79.7 79.8 55.9 43.7 43.9
15 60.6 59.3 60.8 59.3 62.1 60.9 132.0 52.4 56.6 56.8
16 82.6 82.6 80.3 81.6 79.8 80.2 138.5 80.8 76.6 76.7
17 24.5 24.6 24.5 27.6 25.3 24.4 16.0 24.2 222 223
18 27.1 25.9 68.7 26.3 23.9 23.1 25.5 243 25.7 25.9
19 18.6 18.6 16.8 21.5 17.5 20.8 21.1 22.5 22.8 25.3
20 19.3 19.3 30.3 18.8 23.0 29.6 29.9 12.2 21.3 21.9
g 104.9 170.8 = = = 172.6 170.2 = = =

2/ 131.0 21.8 = = = 30.4 21.9 = = =

3 117.4 = = = = 29.8 = = = =

4 147.8 = = = = 173.2 = = = =

5 149.0 = = = = 52.0 = = = =

6 116.4 - - - - - — - - -

7 120.7 = = = = = = = = =

Recorded at 125 MHz. PRecorded at 150 MHz. Recorded at 200 MHz. —Not applicable.
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Figure 7  Antinociceptive activities of the compounds (acetic acid-
induced writhing test). Morphine (morph) was used as the control.
Each bar and vertical line represent the mean == SEM of the values
obtained from 8 mice. “P < 0.05, P < 0.01, P < 0.001, represent
statistically significant differences between the test compound groups
or the control groups and the vehicle group (veh) (one-way ANOVA
followed by the Bonferroni test).

described earlier’. Compounds 1 and 2 were not tested due to the
lack of quantities after completing the structural determination. As
shown in Fig. 7, compounds 3, 7, 12, 15 and 16 displayed signif-
icant antinociceptive activities at a dose of 20 mg/kg with inhibition
rates ranging from 41.9% to 91.6% [inhibition rates: (average
number of writhes in the vehicle group—average number of writhes
in the experimental group)/average number of writhes in the vehicle

group]. Among them, compounds 12 and 15 exhibited the highest
potency with inhibition rates of 89.0% and 91.6%, respectively.
Compounds 6 and 13 inhibited 46.0% and 39.4% of the acetic acid-
induced writhes at a dose of 2 mg/kg, while compound 17, with a
kalmane skeleton, was found to be active at a dose of 0.4 mg/kg
(with inhibition rate of 34.3%). Compound 13, without an acetyl
group at C-6, showed higher antinociceptive activity, compared
with compound 14 with an acetyl group at C-6, which were inac-
tive. This finding suggests that the acetyl group at C-6 might
hamper the antinociceptive activity of grayanane-derived diterpe-
noids. In addition, compound 14, in which OH-2 was methylated,
was less potent than 15. This result suggests that methylation at
OH-2 might reduce the antinociceptive activity.

3. Conclusions

The present investigation of the flowers of R. molle has yielded 17
diterpenoids including 12 new compounds (1—12). Among them,
rhomollone A (1) possesses an unprecedented 5/6/6/5 tetra-cyclic
ring system (B-nor grayanane) incorporating a cyclopentene-1,3-
dione scaffold while rhodomollein XLIII (2) is a dimeric graya-
noid, containing a novel 14-membered heterocyclic ring with a C,
symmetry axis. Compounds 3, 7, 12, 15 and 16 showed significant
antinociceptive activities at a dose of 20 mg/kg with inhibition
rates ranging from 41.9% to 91.6%. Compounds 6 and 13
inhibited 46.0% and 39.4% of the acetic acid-induced writhes at a
dose of 2 mg/kg, while compound 17 inhibited 34.3% of the
writhes at a dose of 0.4 mg/kg. These results support the use of
this plant in traditional Chinese medicine for migraine headache,
and other pain symptoms.
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4. Experimental
4.1.  General experimental procedures

Optical rotations were measured on a PE model 343 polarimeter
(PerkinElmer, Waltham, MA, USA). CD spectra were recorded on
a JASCO-815 CD spectrometer (JASCO, Tokyo, Japan). IR
spectra were recorded on a Nicolet 5700 FT-IR microscope in-
strument (Thermo Fisher Scientific, Waltham, MA, USA). NMR
spectra were obtained on INOVA-500 (Varian, Palo Alto, CA,
USA) and Bruker AV600-III (Bruker, Billerica, MA, USA)
spectrometers, in CsDsN with solvent peaks used as references.
ESIMS were measured on an Agilent 1100 Series LC/MSD Trap
mass spectrometer (Agilent, Santa Clara, CA, USA). HR-ESIMS
data were measured using an Agilent 6520 Accurate-Mass Q-TOF
LC/MS spectrometer (Agilent). Preparative HPLC was performed
on a Shimadazu LC-6AD instrument with SPD-20A and RID-10A
detectors (Shimadazu, Kyoto, Japan) using an YMC Pack ODS-A
column (250 mm X 20 mm, 5 um, YMC, Kyoto, Japan). Mac-
roporous resin (D101 type, the Chemical Plant of NanKai Uni-
versity, Tianjin, China), Si gel (160—200 and 200—300 mesh,
Qingdao Marine Chemical Factory, China) was used for column
chromatography (CC). TLC was carried out with glass precoated
Si gel GF,s4 plates (Qingdao Marine Chemical Factory). Spots
were visualized under UV light or by spraying with 10% H,SO, in
EtOH/H,0 (95:5, v/v) followed by heating.

4.2.  Animals

All animal care and experimental procedures were in accordance
with the current guidelines of the National Institutes of Health (NIH,
USA). Animal experiments were approved by the Ethics Committee
of Institute of Materia Medica, Chinese Academy of Medical Sci-
ences and Peking Union Medical College (Beijing, China). All
experiments were carried out with both male and female Kunming
mice (Institute of Laboratory Animal Sciences, Chinese Academy
of Medical Sciences and Peking Union Medical College, Beijing,
China) weighing 18—22 g each (approximately 6 weeks old). The
animals were housed for at least 3 days (before use) at a temperature
of 22 £ 1 °C, under a 12 h cycle of light-dark, with free access to
food and water. The dose for each trial was determined from the
preliminary experiments. To minimize the subjective bias, the
behavioral responses in each experiment were recorded by three
independent observers. The observers who performed the behav-
ioral experiment were blind to the group of the animals.

4.3.  Plant material

Flowers of R. molle were collected in Xingan, Guangxi province,
China, in November 2012 and positively identified by Prof. Songji
Wei of Guangxi Traditional Medical College. A voucher specimen
(ID-s-2446) was preserved in the herbarium at the Department of
Medicinal Plants, Institute of Materia Medica, Chinese Academy
of Medical Sciences (Beijing, China).

4.4.  Extraction and isolation

The air-dried flowers of R. molle (74 kg) were extracted by EtOH
(95:5, v/v) at reflux for three times (2 h each time). The crude
extract (not completely dried, 9.85 kg) was extracted successively
with petroleum ether, CH,Cl,, EtOAc, and MeOH on a Soxhlet
extractor. The EtOAc extract (650 g) was separated on a

macroporous resin column and eluted sequentially with 70:30,
55:45, 40:60, and 5:95 (v/v) H,O/EtOH solutions. The 30% EtOH
fraction (150.9 g) was further separated on an MCI gel column
and eluted in a gradient of MeOH/H,O (1:9—10:0, v/v) to obtain
13 fractions (F;—F;3). Fraction Fy; (11 g) was further separated
on a Sephadex LH-20 column eluted with MeOH/H,O (60:40, v/v)
to yield 11 fractions (F{;S;—F;;S11). Fraction F{;S; (2.6 g) was
separated with ODS column and eluted with MeOH/H,O
(1:9—10:0, v/v) to yield 10 fractions (F;,S3P;—F;1S3P10). Fraction
F1S3P¢ was further purified by semi-preparative HPLC with
MeOH/H,O (48:52, v/v, 3.5 mL/min) to yield compound 1
(8.7 mg). Fraction F;;S;Pg was further purified by semi-
preparative HPLC with MeOH/H,O (58:42, v/v, 3.5 mL/min) to
yield compound 16 (33.4 mg). Fraction F;;S, (0.7 g) was sepa-
rated with semi-preparative HPLC with ACN/H,0 (25:75, v/v,
3.5 mL/min) to yield compounds 10 (3.8 mg) and 15 (168.4 mg).
Fraction Fio (29 g) was further separated on a Sephadex LH-20
column eluted with MeOH/H,0 (60:40, v/v) to yield 5 fractions
(F10S1—F0Ss). Fraction F(S; (3.1 g) was separated with ODS
column and eluted with MeOH/H,0O (1:9—10:0, v/v) to yield 8
fractions (FoS;P,—F;0S3Psg). Fraction F;,S;P¢ was further puri-
fied by semi-preparative HPLC with MeOH/H,O (45:55, v/v,
3.5 mL/min) to yield compounds 8 (3.9 mg), 13 (27.0 mg), and 17
(34.3 mg). Fraction FoS;Ps was further purified by semi-
preparative HPLC with MeOH/H,O (45:55, v/v, 3.5 mL/min) to
yield compounds 4 (8.9 mg) and 7 (27.1 mg). Fraction F;(S;P;
was further purified by semi-preparative HPLC with ACN/H,O
(22:78, vlv, 6 mL/min) to yield compound 11 (3.0 mg), 12
(18.2 mg), and 14 (84.6 mg). Fraction F,,S;Pg was further purified
by semi-preparative HPLC with ACN/H,0 (25:75, v/v, 3.5 mL/
min) to yield compounds 2 (9.3 mg), 3 (62.7 mg), 5 (1.6 mg), 6
(13.6 mg), and 9 (25.0 mg).

4.4.1.  Preparation of (R)-MTPA ester la

To a solution of 1 (2 mg, 0.006 mmol) in anhydrous pyridine
(1 mL) was added (S)-MTPACI (1.5 mg, 0.006 mmol). After
stirring at room temperature for 4 h, water was added. The reac-
tion mixture was evaporated to dryness, and subjected to semi-
preparative HPLC using ACN in H,O (60:40) as the mobile
phase to give la (0.9 mg). Compound la: HR-ESIMS m/z:
549.2111 [M—H]™ (Calcd. 549.2106 for Cy9H3,0,F5).

4.4.2.  Preparation of (S)-MTPA ester la

To a solution of 1 (2 mg, 0.006 mmol) in anhydrous pyridine
(1 mL) was added (R)-MTPACI (1.5 mg, 0.006 mmol). After
stirring at room temperature for 4 h, water was added. The reac-
tion mixture was evaporated to dryness, and subjected to semi-
preparative HPLC using ACN in H,O (60:40) as the mobile
phase to give 1b (0.6 mg). Compound 1b: HR-ESIMS m/z:
549.2110 [M—H]™ (Calcd. 549.2106 for Cy9H3,04F5).

4.4.3.  Preparation of 2-O-(4-bromobenzoyl)-rhodomollein
XLIII (2a)

Compound 2 (4 mg, 0.0054 mmol) was transferred into a dry
flask; 4-bromobenzoyl chloride (1.2 mg, 0.0054 mmol) was added
into the flask, to which was immediately added 1 mL of anhydrous
pyridine. The solution was stirred at room temperature for 4 h.
After the reaction, water was added. The majority of solvent was
evaporated and some MeOH was added to this solution. The so-
lution was separated by reversed-phase preparative HPLC using
ACN in H,O (40:60) as the mobile phase to give 2a (1.1 mg). 2-O-
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(4-bromobenzoyl)-rhodomollein XLIIT (2a). HR-ESIMS m/z:
917.3674 [M—H]™ (Calcd. 917.3692 for C47HgsBrOy3).

4.4.4. Rhomollone A (1)

White powder; [a]sy —5.0 (¢ 0.1, MeOH); IR vya, 3256, 2964,
1737, 1689, 1462, 1444, 1377, 1302, 1113, 1045, 945, 926,
884 cm™!; 'H and '>C NMR data, Table 1; HR-ESIMS m/z
357.1676 [M+Na]* (Calcd. for C,oH,¢NaOs, 357.1672).

4.4.5.  Rhodomollein XLIII (2)

White powder; (o] —11.0 (¢ 0.1, MeOH); IR vy, 3421, 2952,
2920, 1475, 1445, 1412, 1380, 1162, 1129, 1100, 1045, 963, 879,
789 cm™'; 'H and 'C NMR data, Table 1; HR-ESIMS m/z
735.4313 [M+H] " (Caled. for C4oHg3010, 735.4325).

4.4.6. Rhodomollein XLIV (3)

White powder; [a]2) +45.0 (¢ 0.02, MeOH); IR vy 3364, 2940,
1614, 1523, 1459, 1414, 1373, 1289, 1084, 1054, 990, 947,
873 cm™!; 'H and 'C NMR data, Tables 2 and 4; HR-ESIMS m/z
489.2485 [M+H] ™ (Calcd. for C»7H370g, 489.2483).

4.4.7.  Rhodomollein XLV (4)

White powder; [a]3) +32.4 (¢ 0.7, MeOH); IR vy 3378, 2936,
1719, 1446, 1374, 1255, 1052, 943, 881, 826, 805, 798, 586 cm ™ ';
'H and '3C NMR data, Tables 2 and 4; HR-ESIMS m/z 433.2202
[M+Na]* (Caled. for Co,H34NaO-, 433.2197).

4.4.8.  Rhodomollein XLVI (5)

White powder; [a]f) —18.1 (¢ 0.16, MeOH); IR vy, 3412, 3297,
2975, 2939, 2916, 1470, 1430, 1406, 1153, 1136, 1097, 1038, 987,
945, 917, 872, 803 cm ™ ; 'H and '*C NMR data, Tables 2 and 4;
HR-ESIMS m/z 425.2147 [M+Na]* (Caled. for C,oHz4NaOy,
425.2146).

4.4.9.  Rhodomollein XLVII (6)

White powder; [a]f) —3.3 (¢ 0.03, MeOH); IR vy, 3375, 2937,
1674, 1640, 1456, 1380, 1185, 1139, 1050, 993, 958, 938,
884 cm™'; 'H and '>C NMR data, see Tables 2 and 4; HR-ESIMS
mlz 391.2093 [M+Na]™ (Calcd. for C,oH3,NaOg, 391.2091).

4.4.10. Rhodomollein XLVIII (7)

White powder; (o]} —16.4 (¢ 0.5, MeOH); IR vy, 3369, 2970,
2956, 2925, 1470, 1446, 1378, 1241, 1129, 1088, 1029, 998, 981,
822, 650, 615, 563 cm™'; 'H and '3C NMR data, Tables 2 and 4;
HR-ESIMS m/z 391.2093 [M+Na]" (Calcd. for C,oH3,NaOg,
391.2091).

4.4.11. Rhodomollein XLIX (8)

White powder; [a]5) —34.0 (¢ 0.7, MeOH); IR vy, 3378, 2957,
1725, 1442, 1375, 1281, 1219, 1167, 1049, 1000, 879, 848, 798,
706 cm™"; 'H and '*C NMR data, Tables 3 and 4; HR-ESIMS m/z
523.2517 [M+Na]* (Calcd. for CosHsoNaOy, 523.2514).

4.4.12.  Rhodomollein L (9)

White powder; [a]5 +11.3 (¢ 0.4, MeOH); IR vy, 3384, 2959,
2927, 1716, 1656, 1440, 1376, 1264, 1137, 1079, 1049, 1031, 999,
976, 938, 861, 798, 609 cm™'; 'H and '*C NMR data, Tables 3
and 4; HR-ESIMS m/z 433.2197 [M+Na]" (Caled. for
C,,H3,NaO;, 433.2197).

4.4.13.  Rhodomollein LI (10)

White powder; [a]f) 4+10.0 (¢ 0.02, MeOH); IR vy, 3352, 2937,
1696, 1564, 1432, 1369, 1108, 1055, 930, 901, 875, 844 cm™'; 'H
and ">C NMR data, Tables 3 and 4; HR-ESIMS m/z 391.2106
[M-+Na] ™ (Caled. for C,0H3,NaOg, 391.2091).

4.4.14.  Rhodomollein LII (11)

White powder; [a]2) —12.0 (¢ 0.1, MeOH); IR vy, 3358, 2989,
2942, 2879, 1706, 1445, 1377, 1252, 1164, 1154, 1094, 1071,
1033, 978, 963, 926, 852 cm™'; 'H and '*C NMR data, Tables 3
and 4; HR-ESIMS m/z 3752142 [M+Na]™ (Caled. for
CoH3:NaOs, 375.2142).

4.4.15. Rhodomollein LIII (12)

White powder; [a]5 +19.0 (¢ 0.1, MeOH); IR v,y 3373, 3317,
2937, 2909, 2882, 1473, 1450, 1372, 1345, 1262, 1164, 1095,
1057, 1044, 959, 917, 890, 851 cm™'; 'H and '*C NMR data,
Tables 3 and 4; HR-ESIMS m/z 377.2296 [M+Na]" (Calcd. for
CoH3,NaOs, 377.2298).

4.5. Acetic acid-induced writhing test

Control groups and test groups were set up, each group consisted
of 8 mice. Twenty minutes after administration (the control group
received 0.9% NaCl, 5 mL/kg, i.p.), mice were injected with 0.8%
v/v acetic acid solution (injection volume: 0.1 mL/10 g). The mice
were placed in separate glass boxes. The writhing events of these
animals were counted for 20 min. For scoring purposes, a writhe is
defined as abdominal extension and simultaneous stretching of at
least one hind limb'’.
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