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A novel diterpenoid with an unprecedented 5/6/5/7 tetracyclic system, rhodauricanol A (1), five new
grayanane-derived diterpenoids, dauricanols A—E (2—6), and five known ones (7—11) were isolated from
the flowers of Rhododendron dauricum. Rhodauricanol A (1) possesses a unique 5/6/5/7 tetracyclic ring
system featuring a 16-oxa-tetracyclo[11.2.1.0°.0713|hexadecane core. Dauricanols A—C (2—4) are the first
1,3-dioxolane conjugates of grayanane diterpenoids and 5-hydroxymethylfurfural and vanillin, respec-
tively, and dauricanols D (5) and E (6) represent the first examples of 6-deoxy-1,5-seco-grayanane diter-
penoids. Their structures were determined by spectroscopic methods, quantum chemical calculation in-
cluding >C NMR-DP4+ analysis and ECD calculation, and single-crystal X-ray diffraction analysis. Plausi-
ble biosynthetic pathways for 1-4 were proposed. All the isolates showed significant analgesic activities,
and dauricanols B (3) and C (4) showed more potent analgesic activities than the positive control, mor-

Analgesics phine.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polycyclic diterpenoids such as taxol with a 6/8/6 tricyclic car-
bon skeleton are a potential resource for drug discovery [1]. Eri-
caceae plants are famous for their structurally diverse diterpenoids,
heretofore, approximately 470 diterpenoids belonging to 28 car-
bon skeletons have been reported [2-4]. Due to their highly oxy-
genated and polycyclic architectures, the total synthesis of Eri-
caceae diterpenoids is an enduring research hotspot. To date, the
total synthesis of six grayanane [5-10], a rhodomollane [11], and
two mollebenzylane [12,13] diterpenoids have been accomplished,
and the synthetic studies towards kalmanol [14] and pierisformo-
side C [15] were also described.

Severe pains, especially cancer pains, seriously affect people’s
quality of life. As the gold standard for comparison of other opi-
oids, morphine is used for acute and chronic pain and plays an ir-
replaceable role in patients with moderate and severe cancer pain.
However, the main side effects of morphine are drug resistance
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and addiction [16]. Thus, it is urgent to search for potent analgesics
without addiction and tolerance.

In a continuing search for structurally intriguing analgesics
from the medicinal plants [17], a novel diterpenoid with an
unprecedented carbon skeleton, rhodauricanol A (1), five new
grayanane-derived diterpenoids, dauricanols A—E (2—6), and five
known ones (7-11) (Fig. 1) were isolated from the flow-
ers of Rhododendron dauricum L. (Ericaceae), which have been
used for sedation and hypnosis. Rhodauricanol A (1) possesses
a unique 5/6/5/7 tetracyclic ring system featuring a 16-oxa-
tetracyclo[11.2.1.01°.0713|hexadecane core. Dauricanols A—C (2—4)
are the first 1,3-dioxolane conjugates of grayanane diterpenoids
and 5-hydroxymethylfurfural and vanillin, respectively, and dauri-
canols D (5) and E (6) represent the first examples of 6-deoxy-1,5-
seco-grayanane diterpenoid. All the isolates showed potent anal-
gesic effects, and 3 and 4 showed more potent analgesic activities
than morphine at a dose of 0.04 mg/kg. Herein, the structural elu-
cidation, plausible biosynthetic pathways, and analgesic activities
were described.

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Chemical structures of compounds 1-11 and the nomenclature of the unprecedented tetracyclic ring system in 1.
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Fig. 2. Key 2D NMR correlations of 1.

Rhodauricanol A (1), colorless needles, had a molecular formula
of CoH,304 as deduced by the HRESIMS ([M + Na]+ my/z 355.1885,
calcd. for 355.1885) and 3C NMR data, indicating seven degrees of
unsaturation. The TH NMR data (Table S1 in Supporting informa-
tion) of 1 showed resonances attributed to an aldehyde proton at
Sy 10.05 (s, H-16), two oxygenated methines at dy 3.47 (d, J=6.0
Hz, H-3) and 4.28 (dd, J=7.6, 3.4 Hz, H-6), and four methyl groups
at 8y 112 (s, H3-19), 1.28 (s, H3-18), 1.58 (s, H3-20), and 2.29 (s,
H3-17). The 13C NMR and DEPT spectra (Table S2 in Supporting in-
formation) revealed 20 carbon signals, including four methyls, five
methylenes, three methines (two oxygenated), a quaternary car-
bon, two oxygenated tertiary carbons, two tetrasubstituted endo-
cyclic double bonds, and an aldehyde. Two double bonds and an
aldehyde account for three degrees of unsaturation, and the re-
maining four degrees of unsaturation suggested a tetracyclic ring
system in 1.

TH-TH COSY revealed three spin-coupling systems (Fig. 2):
(a) CH-1-CH,-2—CH-3, (b) CH-6—CH,-7, and (c) CH,-11-CH,-12.
The HMBC correlations of two gem-dimethyl (H3-18/H3-19) to C-
3/C-4/C-5 indicated the direct connections of C-3/C-5/C-18/C-19
to the quaternary carbon C-4. The connection of C-1 and C-6
through the oxygenated tertiary carbon C-5 was determined by
the HMBC correlations from H-6 to C-1 and H,-7 to C-5, form-
ing the A-ring of 2,2-dimethyl-cyclopentan-1-ol in 1. The HMBC
correlations from Hs-20 to C-1/C-9/C-10 established the connec-
tion of C-1 and C-9 via C-10. The connection of C-9 to C-7
through an oxygenated tertiary carbon C-8 was determined by
the HMBC correlations from H,-7 to C-8/C-9, constructing the B-
ring of 4-methyl-4-cycloheptene-1-ol. The C-ring of 2-methyl-1-
cycloheptene-1-carbaldehyde in 1 was architected by the HMBC
correlations from H-11 to C-8, from H-12 to C-9/C-13/C-14, from
H-16 to C-12/C-13, from H,-15 to C-8/C-9, and from H3-17 to C-
13/C-14/C-15. The large chemical shift of C-5 (6¢ 95.5) and C-8
(8¢ 84.1) and the rest of one degrees of unsaturation suggested
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Fig. 3. Linear correlation plots (A) and relative errors (B) between the experimental
and calculated 3C NMR data for (5R*,85*)- and (55*,8R*)-1.

the presence of an oxygen bridge between C-5 and C-8. Thus, the
planar structure of 1 bearing an unprecedented 16-oxa-tetracyclo
[11.2.1.0'°.0713 | hexadecane motif was established (Fig. 2).

The relative configuration of 1 was established by NOESY data
analysis and 13C NMR-DP4+ analysis [18,19]. H-1 was randomly
assigned as a-orientation. The NOESY correlations of H-1/H-6, H-
1/H3-19, and H3-19/H-3 defined the « orientations of H-3, H-
6, and H3-19. The geometry of A910) and A1) double bonds
were assigned as Z and E, respectively, by the NOESY correla-
tions of H-118/H3-20 and H-16/H3-17. To determine the orienta-
tion of 5,8-epoxy moiety, the theoretical 3C NMR calculations and
DP4+ probability analysis of two potential isomers, (5R*,85*)-1 and
(55%,8R*)-1, were performed using the gauge independent atomic
orbital (GIAO) method at the mPW1PW91/6-311G(d,p) level with
the Gaussian 09 software [20-22]. The smaller relative errors be-
tween experimental and the calculated 3C NMR data (Fig. 3) and
the DP4+ probability analysis revealed the 5R*,85*-configuration of
1 with a high probability of 100% (Table S3 in Supporting informa-
tion) [18].

To determine the absolute configuration of 1, the TDDFT-based
ECD calculation for (15,35,5R,6R,85)-1 and its enantiomer was per-
formed [23,24]. A good qualitative agreement between the experi-
mental and calculated ECD curves (Fig. S1 in Supporting informa-
tion) of 1 determined its absolute configuration as 1S,3S,5R,6R,8S.
Finally, single-crystal X-ray diffraction analysis using Cu K« radi-
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Fig. 5. Single-crystal X-ray structure of 2.

ation with a Flack parameter [25] of 0.05(4) further validated the
structure and absolute configuration of 1 (Fig. 4).

A molecular formula of CygH3g0g was assigned to dauricanol
A (2) based on the HRESIMS at m/z 501.2465 [M+ Na]* (calcd.
for CygH3gOgNa, 501.2464) and 979.5040 [2M + Na]* (calcd. for
CspH76046Na, 979.5031) and 3C NMR data. The NMR data (Ta-
bles S1 and S2) of 2 showed some similarities to those of grayan-
otoxin III (9) [26], co-isolated grayanane diterpenoid in this study.
The major differences were the presence of an acetal group (Sy
5.70, s, H-1’), two trisubstituted double bonds (dy 6.45, d, H-3’;
6.30, d, H-4'; §¢ 111.9, C-3/; 109.1, C-4’; 150.5, C-2; 157.0, C-5'),
and an oxymethylene (§y 4.49, s, Hp-6’) in 2, which was deter-
mined to be a (5-(hydroxymethyl)-2-furanyl)methane-1,1-diyl moi-
ety by the detailed 2D NMR analysis (Fig. S2 in Supporting infor-
mation). The deshielding of C-5 (8¢ 93.6) and C-6 (¢ 78.3) in 2
compared to 9 (§¢c 84.6, C-5; 74.2, C-6) and the HMBC correlations
from H-1" to C-5 and C-6 suggested the connection of the addi-
tional (5-(hydroxymethyl)-2-furanyl)methane-1,1-diyl moiety to C-
5 and C-6 via two ether bonds, forming a distinctive 1,3-dioxolane
ring. H-1 was randomly assigned as «-orientation. The NOESY cor-
relations (Fig. S2) of H-1/H3-19, H3-19/H-6, and H-6/H-1’ estab-
lished «-orientation of H-1’. The absolute configuration of 2 was
defined as 1S5,35,5R,6R,85,9R,10R,13R,14R,16R,1’'R by ECD calculation
(Fig. S3 in Supporting information) and single crystal X-ray diffrac-
tion analysis with a Flack parameter [25] of —0.03(2) (Fig. 5).

The molecular formula of dauricanol B (3) was determined to
be C3gH490g by the HRESIMS ion at m/z [M + Na]* 551.2616 (calcd.
for C3gH400gNa, 551.2621) and [2M + Na]* 1079.5343 (calcd. for
CgoHgpO16 Na, 1079.5344) and 3C NMR data. The NMR data of 3
(Tables S1 and S2) resembled those of rhodomicranol A, which was
firstly isolated from Rhododendron micranthum [27], and the major
difference was an additional O-CH3 (Sy 3.83, s; 8¢ 56.5) in 3. Thus,
3 is an O-methylated derivative of rhodomicranol A. HMBC corre-
lation from OCH3 to C-4’ and the NOESY correlation of H-3’ and
OCHj5 suggested the location of OCH3 at C-4’ (Fig. S4 in Supporting
information). H-1 was randomly assigned as «-orientation. NOESY
correlations of H-1/H3-19, H3-19/H-6, and H-6/H-1" revealed the
a-orientation of H-1’. The absolute configuration of 3 was deter-
mined to be 15,35,5R,6R,85,95,13R,14R,16R,1'R by the ECD calcula-
tion (Fig. S5 in Supporting information).
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Fig. 7. Single-crystal X-ray structures of 6 and 7.

Dauricanol C (4) was assigned a molecular formula of C3gH4,09
by the 3C NMR data and HRESIMS ions at m/z [M+ Na]* 569.2717
(calced. for C3gH4509Na, 569.2727) and [2M + Na]* 1115.5578 (calcd.
for CgoHg401gNa, 1115.5555). The NMR data (Tables S2 and S4 in
Supporting information) of 4 were similar to those of 3, except
for a methyl group (6y 1.72, s; 8¢ 26.9, CH3-20) and an oxy-
genated tertiary carbon (§c 78.3, C-10) in 4, replacing an exo-
cyclic double bond (§y 5.05, 5.07, s, H,-20; §¢c 152.0, C-10; 112.4,
C-20) in 3. Thus, 4 is a hydrated derivative of 3. The HMBC cor-
relations (Fig. S6 in Supporting information) from H3-20 to C-
1/C-9/C-10 supported the above deduction. The NOESY correla-
tion (Fig. S6) of H-28 and Hs-20 suggested H3-20 was S-oriented.
ECD calculation (Fig. S7 in Supporting information) defined the
15,35,5R,6R,85,9R,10R,13R,14R,16R,1’R-configuration of 4.

The molecular formula of dauricanol D (5) was determined
as CyoH3,04 by the 3C NMR data and HRESIMS ions at
m/z [M+Na]t 359.2199 (calcd. for CpgH3p;04Na, 359.2198) and
[2M + Na]*™ 695.4574 (calcd. for C49HgsOgNa, 695.4499). The NMR
data (Tables S2 and S4) of 5 was close to the co-isolated 1,5-seco-
grayanotoxin (7) [28]. The major difference was a methylene (dy
2.56, 3.01, Hp-6; 8¢ 36.3, C-6) in 5, replacing an oxygenated me-
thine (6y 4.88, br. s, H-6; §c 70.5, C-6) in 7. Thus, 5 should be a
6-deoxy derivative of 7, which was supported by the 'H-'H COSY
correlations (Fig. S8 in Supporting information) of CH,-6 and CH,-
7. The structure and 3S,85,9S5,13R,14R,16R-configuration of 5 was
verified by single-crystal X-ray diffraction analysis (Fig. 6) with a
Flack parameter [25] of 0.01(4).

Dauricanol E (6) had a molecular formula of C;;H3405 as dis-
closed by the HRESIMS ions at m/z [M+Na|* 401.2324 (calcd.
for CyH3405Na, 401.2304) and [2M+ Na]* 779.4724 (calcd. for
C44Hgg01oNa, 779.4710) and 3C NMR data. The NMR data (Ta-
bles S2 and S4) of 6 and 5 were closely comparable, except for
an O-acetyl group (8y 2.07, s; §c 172.5, 21.5) and the deshielding
of C-14 (§¢ 82.6) in 6 compared to 5 (6¢ 79.4). Hence, 6 was a
14-0-acetylated derivative of 5, which was proved by the 'H-'H
COSY correlation of H-13 and H-14 and HMBC correlation of H-
14 to the acetyl (Fig. S9 in Supporting information). Single-crystal
X-ray diffraction analysis (Fig. 7) with a Flack parameter [25] of
0.04(7) ultimately defined the 3S5,85,9S,13R,14R,16R-absolute config-
uration of 6.

1,5-seco-Grayanane diterpenoids are rare in nature, heretofore,
only eight 1,5-seco-grayanane diterpenoids have been reported
[4,17]. Dauricanols D (5) and E (6) represent the first examples of
6-deoxy-1,5-seco-grayanane diterpenoid. This is also the first time
to report 1,5-seco-grayanane diterpenoids from this plant.

Five known compounds were identified to be 1,5-seco-
grayanotoxin (7) [28] and grayanotoxins XXI (8) [29], Il (9) [26],
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Scheme 2. Proposed biogenetic pathways for dauricanols A—C (2—4).

I (10) [30], and IV (11) [30], respectively, by spectroscopic data
analysis and comparison with the reported data. The structure and
absolute configuration of 1,5-seco-grayanotoxin (7) was finally as-
signed by single-crystal X-ray diffraction analysis (Fig. 7) with a
Flack parameter [25] of —0.07(5) for the first time.

Rhodauricanol A (1) possesses an unprecedented 5/7/7 tricyclic
diterpene carbon skeleton, and the name “rhodauricane” was sug-
gested for this new diterpene skeleton, enriching the diterpene
skeleton diversity of natural products. The plausible biosynthetic
pathway of 1 (Scheme 1) could be tracked back to the co-isolated
grayanotoxin III (9) [26]. Under the condition of an enzyme-
mediated oxidization, 9 is oxidized to a 7-ketone intermediate A.
The carbon bond of C-8 and C-14 in A is cleaved by the retro-aldo
reaction to produce the key tricyclic intermediate B, which is re-
duced and then dehydrated to form the A7(®) intermediate D. Un-
der the catalysis of acid enzyme, 5-OH attacks the C-8 carbocation
in E to yield the 5,8-epoxy intermediate F. Finally, 1 is generated
by the dehydration of G.

Dauricanols A—C (2—4) are the first 1,3-dioxolane conjugates of
grayanane diterpenoids and 5-hydroxymethylfurfural and vanillin,
respectively. Dauricanol A (2) is produced by an acetalation re-
action (Scheme 2) of the 5,6-dihydroxyl unit in 9 with 5-
hydroxymethylfurfural which is derived from the dehydration of
hexose [31] and widely exists in plants [32]. Similarly, dauricanols
B (3) and C (4) are derived from the condensation of vanillin
[33] and grayanotoxins I (10) and IV (11), respectively (Scheme 2).

Since the flowers of R. dauricum are used for sedation and hyp-
nosis, and three known grayanane diterpenoids 9—11 had been
reported to possess analgesic activities, the other isolates 1-8
were evaluated for their analgesic activities by the HOAc-induced

writhing test in mice [4]. This animal experiment was approved by
the Laboratory Animal Ethics Committee of Tongji Medical College,
Huazhong University of Science and Technology (approval num-
ber 2018-S748). Results revealed that 1-8 showed significant anal-
gesic effects (Fig. S10 in Supporting information). Rhodauricanol A
(1) with a new diterpene carbon skeleton showed significant anal-
gesic effects at lower doses of 1.0 and 0.2 mg/kg with inhibition
rates of 65.2% and 44.2%, respectively. Interestingly, 3 and 4, 1,3-
dioxolane conjugates of grayanane diterpenoids and vanillin, exhib-
ited more potent activity than morphine even at a lower dose of
0.04 mg/kg with inhibition rates of 62.8% and 53.2%, respectively.
1,5-seco-Grayanane diterpenoid 5 bearing a 148-OH showed more
potent analgesic effect than 6 with a 148-OAc at doses of 5.0 and
1.0 mg/kg. While, 5 and 6 without a 63-OH displayed more po-
tent analgesic activity than 7 and 8 with a 68-OH at a dose of 5.0
mg/kg. Thus, 148-0Ac and 68-0OH groups may be the deactivating
groups of 1,5-seco grayanane diterpenoids.

These findings enriched the diterpene carbon skeleton diversity
and provided clues to design potent analgesics.
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