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Maximumin B (1), maximumin C (2), and ottensinin (3) are three rearranged labdane diterpenoids featuring
a unique 3-substituted y-pyrone motif. Herein, we report the first syntheses of (+)-1 and (+)-2 and an
improved synthesis of (+)-3 in 4-12 steps. Key features for the syntheses of 1 and 2 include a Pd-cata-
lyzed decarboxylative coupling reaction establishing the 3-substituted y-pyrone and a Baran decarboxyla-
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tive coupling enabling ketone formation in the final step. A Ni-catalyzed C(sp?)-C(sp®) cross-electrophile
coupling reaction was applied to accomplish the synthesis of 3. Furthermore, in-depth pharmacological
screening unveiled ottensinin (3) as a potent KCNQ2 agonist exhibiting comparable potency to retigabine,
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1. Introduction

Rearranged labdane diterpenoids represent a rare class of
natural products that are biogenetically derived via the skeletal
rearrangement of intact labdane diterpenoid precursors, and
often exhibit a diverse range of bioactivities,"® thereby
drawing  considerable interest from the synthetic
community.””® Maximumins B (1) and C (2) are two rearranged
labdane diterpenoids with novel carbon skeletons that were
isolated from Amomum maximum by our group in 2019
(Fig. 1)."° A co-isolated known 16(13 — 12)-abeo-labdane diter-
penoid ottensinin (3),"*™* sharing a common 3-substituted
y-pyrone motif, was considered to be their hypothetically bio-
synthetic precursor. Compared to 3, compounds 1 and 2
feature a distinctively modified B-ring. Of note, compounds
1-3 demonstrated significant inhibition against nuclear factor

“Ethnomedicine and Biofunctional Molecule Research Center, State Key Laboratory of
Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences,
555 Zuchongzhi Road, Shanghai 201203, China. E-mail: jxzhao@simm.ac.cn,
Jmyue@simm.ac.cn

bUniversity of Chinese Academy of Science, No. 194 Yuquan Road, Beijing 100049,
China

“Center for Neurological and Psychiatric Research and Drug Discovery, Shanghai
Institute of Materia Medica, Chinese Academy of Sciences, 501 Haike Road,
Shanghai 201203, China. E-mail: zbgao@simm.ac.cn

School of Chinese Materia Medica, Nanjing University of Chinese Medicine, 138
Xianlin Road, Nanjing 210023, China

tElectronic supplementary information (ESI) available. CCDC 2355511 (3). For
ESI and crystallographic data in CIF or other electronic format see DOI: https:/
doi.org/10.1039/d4qo00878b

1 Contributed equally.

5160 | Org. Chem. Front., 2024, 11, 5160-5166

making it a promising lead for the development of a novel class of anti-epileptic drugs.

kappa B (NF-kB), a promising target in regulating immune and
inflammatory dysfunction.>*®

The unusual structural features and promising pharmaco-
logical properties of 1-3 attracted our attention. To overcome
limited accessibility for further biological studies, chemical
synthesis towards this diterpenoid class is highly desired."”
Previously, the research groups of Katoh,'®' Yang,*® and Li**
successfully employed 3-lithio-y-pyrone as the primary reactant
for the syntheses of diterpenoids with a fully substituted
y-pyrone (Scheme 1A). However, there are very few
methods®®** available for the synthesis of 3-substituted
y-pyrone as in 1-3. In particular, Boukouvalas’ group reported
the structure revision and first synthesis of 3 in 27% overall
yield over 9 steps by using 6-endo-dig cyclization to construct
the 3-substituted y-pyrone (Scheme 1B),>* whereas the chemi-
cal syntheses of maximumins B (1) and C (2) have not been
reported yet.

The Kv7/KCNQ family of voltage-gated K* channels crucially
regulates neuronal signaling and human disease states in the
brain and peripheral nerves.>* Among the KCNQ subtypes,

Me Me
maximumin B (1)

maximumin C (2)

ottensinin (3)

Fig. 1 Structures of maximumins B (1) and C (2) and ottensinin (3).
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Scheme 1 Previous synthetic efforts toward diterpenoid pyrones.

KCNQ2 is an important drug target for treating epilepsy and a
range of other neurological disorders associated with neuronal
hyper-excitability.>® Its significance has garnered immense
interest, culminating in the approval by the FDA of retigabine
(RTG),*® a KCNQ2-targeting medication approved for use as an
adjunctive treatment for partial-onset seizures in adults with
epilepsy. However, RTG had been withdrawn from the market
in 2017 due to concerns regarding its poor stability and poten-
tial toxicity,>” prompting the search for new drugs targeted on
KCNQ2. In the present study, a screening program to identify
KCNQ2 activators led to the identification of ottensinin (3) as
a potent agonist. As part of our continuing synthetic efforts
towards bioactive natural products,>®>° we report herein the
first syntheses of (+)-maximumins B and C, and a more
concise synthesis of (+)-ottensinin, as well as their biological
evaluation.

2. Results and discussion

2.1 Retrosynthetic analyses of maximumin B, maximumin C,
and ottensinin

Our retrosynthetic analyses for 1-3 are outlined in Scheme 2.
We envisioned that maximumin B (1) could be prepared by
assembly of the known bicyclic carboxylic acid 4*' and redox-
active ester (RAE) 5 via the Baran decarboxylative ketone for-
mation (Scheme 2A).>> RAE 5 could be readily made from
nitrile 6, which could be accessed through Pd-catalyzed decar-
boxylative coupling of triflate 7 with cyanoacetate salt 8 devel-
oped by the Liu group.®® Likewise, maximumin C (2) could be
synthesized via the Baran decarboxylative ketone formation®
from RAE 5 and acid 9 followed by ester hydrolysis, and the
latter could be obtained from methyl ketone 10 via multistep
functional group manipulation (Scheme 2B). Ketone 10 could
be conveniently prepared from iodide 11 via Grob fragmenta-
tion. Compound 11 could be obtained from commercially
available (+)-sclareolide (12) through a known ring-opening
process.>® For the preparation of ottensinin (3), we envisaged
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Scheme 2 Retrosynthetic analysis of compounds 1-3.

that it could be produced by the Ni-catalyzed C(sp*)-C(sp?)
cross-electrophile coupling® of iodide 13 with triflate 7
(Scheme 2B). The former could be synthesized from tertiary
alcohol 11 by a dehydration process. Such a modular approach
would not only improve overall synthetic efficiency, but also
facilitate further structural optimization and structure-activity
relationship (SAR) analysis.

2.2 Synthesis of (+)-maximumin B (1)

Our synthesis commenced with the preparation of two decar-
boxylative cross-coupling precursors, acid 4 and RAE 5
(Scheme 3). The former was readily prepared in 51% overall
yield over 3 steps from the well-documented Wieland-
Miescher ketone derivative 14 according to the known method
reported by the Liang group.®! The synthesis of RAE 5 initially
began with the Pd-catalyzed decarboxylative coupling®® of tri-
flate 7 (obtained from 3-hydroxy-y-pyrone 15 in 75% yield) with
potassium cyanoacetate 8'. After carefully screening the reac-
tion conditions, it was observed that employing sodium cya-
noacetate 8 as the reactant instead led to an increase in the
yield. Furthermore, 2-dicyclohexylphosphino-2’,6’-dimethoxybi-
phenyl (S-Phos) served as a superior ligand compared to 4,5-

Org. Chem. Front,, 2024, 11, 5160-5166 | 5161
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Scheme 3 Synthesis of (+)-maximumin B (1).

bis(diphenylphosphino)-9,9-dimethylxanthene (Xant-Phos).
Under the optimal reaction conditions, the desired nitrile 6
was obtained in 54% yield. Notably, it represents the first suc-
cessful utilization of pyrone-triflate as a substrate in this Pd-
catalyzed decarboxylative coupling reaction. In our attempt to
hydrolyze nitrile 6, we unexpectedly found that various basic

View Article Online
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conditions (NaOH, LiOH, KOH) proved fruitless. This could
potentially be attributed to the reactive a,p-unsaturated ketone
moiety present in 6. Finally, we achieved the desired y-pyrone-
3-acetic acid 16 under acidic conditions in 77% yield.
Interestingly, compound 16 is a natural product exhibiting
selective and irreversible inhibition of interleukin-1p convert-
ing enzyme.*®

With the two acid fragments 4 and 16 securely in hand, we
attempted to combine them together through the Baran decar-
boxylative ketone formation.*> Given the likelihood of inver-
sion at the C-8 stereocenter in compound 4, we opted to trans-
form acid 16 into RAE 5 by using N,N-diisopropylcarbodiimide
(DIC) as the condensing agent. Unfortunately, RAE 5 decom-
posed spontaneously during separation by column chromato-
graphy. Thus, we decided to use a one-pot method to circum-
vent the challenging purification of 5. Pleasingly, the coupling
proceeded smoothly under the standard conditions, delivering
the target maximumin B (1) in 56% yield.

2.3 Synthesis of (+)-maximumin C (2)

Upon successful completion of the concise synthesis of
(t)maximumin B, we then moved forward to synthesize
(+)-maximumin C (2) starting from commercial (+)-sclareolide
(12), which was converted to iodide 11 based on a three-step
sequence reported by the Baran group (Scheme 4).**
Subsequently, compound 11 was subjected to Grob
fragmentation®”*® under the basic conditions to achieve the
ring-opening product 10. To avoid Prins cyclization, the keto
carbonyl group of 10 was strategically protected with
(CH,OTMS),. Then, hydroboration-oxidation of the terminal
alkene resulted in the alcohol 17. Exposure of 17 to Jones

Me
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Scheme 4 Syntheses of (+)-maximumin (2) and (+)-ottensinin (3).
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reagent efficiently transformed the hydroxymethyl group into a
carboxylic acid, concomitantly eliminating the ketal protecting
group. The resulting acid was methylated with trimethylsilyl
diazomethane (TMSCHN,) to afford ester 18. Since the ester
group was incompatible with the harsh basic conditions of the
haloform reaction, a two-step approach utilizing ozonolysis of
the enol triflate intermediate was developed to transform
methyl ketone 18 to acid 9. This mild alternative approach rep-
resents an improved variation of Heathcock’s two-step
method,*® employing a silyl enol ether as an intermediate and
delivering a one-carbon less silyl ester instead. The following
one-pot decarboxylative coupling®? of acid 9 with RAE 5 took
place smoothly to yield ketone 19, which underwent acidic
hydrolysis to readily achieve the desired maximumin C (2).

2.4 Synthesis of (+)-ottensinin (3)

Henceforward, we began the synthesis of ottensinin (3)
(Scheme 4). Initially, our attempts to synthesize ottensinin via
Suzuki cross-coupling of borate ester with vinyl triflate were
unsuccessful. Therefore, we opted to employ the Ni-catalyzed
C(sp*)-C(sp®) cross-electrophile coupling® to attach iodide 13
to vinyl triflate 7, and the former could be easily synthesized
from the advanced intermediate 11 using the method pre-
viously reported by the Li group.*® To our delight, the coupling
reaction resulted in the desired ottensinin (3) with good
conversion.

2.5 Biological evaluation

With adequate quantity of maximumin B (1), maximumin C
(2), and ottensinin (3) in hand, we advanced to a broader spec-
trum of pharmacological screening studies. Epilepsy is a
chronic neurological disorder arising from abnormal dis-
charges of brain neurons.” The KCNQ2 channel, a pivotal
member of potassium voltage-gated channels, is closely
related to neuronal excitatory disorders, serving as a signifi-
cant target for anti-epileptic drugs.** Compounds 1-3 and two
synthetic intermediates 16 and 19 were evaluated for their acti-
vation effects on KCNQ2. It was found that ottensinin (3) pos-
sesses the ability to efficiently activate KCNQ2 (Igrug/lcontrol =
1.77 £ 0.07), which is even stronger than RTG (Igrug/Icontrol =
1.44 + 0.13) (Table 1). The dose-effect relationship of ottensi-

Table 1 Effects of compounds 1-3, 16, and 19 on the KCNQ2 channel

Compound Tarug/Teontrol n
1 1.01 £ 0.01 3
2 0.98 £ 0.03 3
3 1.77 £ 0.07 3
16 1.14 + 0.09 3
19 1.03 + 0.09 3
RTG? 1.44 +0.13 4

“The amplitude change of the outward current: I.ono, amplitude of

the outward current without the compound; I4rue, amplitude of the

outward current with the compound; Iyrg/Icontron, effect of 10 pM com-

Eound on the amplitude of the outward current of KCNQ2 channel.
RTG (retigabine) was used as the positive control.

This journal is © the Partner Organisations 2024
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Fig. 2 Dose-response curves of the activation of RTG and ottensinin
(3) on KCNQ2.

nin and RTG on KCNQ2 channel was further examined, and
the median effective concentration (ECs,) was determined by a
dose-response curve analysis (Fig. 2). The results revealed that
ottensinin could dose-dependently activated KCNQ2 channel,
with an ECs, value of 6.30 + 2.55 pM, which is comparable to
retigabine (3.52 + 1.27 uM). In order to reveal how ottensinin
activates KCNQ2 channel activity, the effect of 10 pM ottensi-
nin on channel dynamics was investigated. Activation curves
were fitted with the Boltzmann equation and showed that the
half-activation voltages of KCNQ2 before and after treatment
with 10 pM ottensinin were —9.53 + 1.91 mV and —-12.26 +
3.23 mV, respectively (Fig. 3A). Before and after treatment with
10 pM ottensin, the activation constant was 247.75 + 35.03 and
237.56 + 30.32, and the deactivation constant was 12.81 *
30.32 and 14.92 + 0.18, there were no significant change
(Fig. 3B). Therefore, we suspect that ottensinin does not gene-
rate activity by changing KCNQ2 channel dynamics, and its
specific mechanism of action is still under investigation.
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Fig. 3 Effects of ottensinin (3) on the electrophysiological properties of
KCNQ2. (A) Steady-state activation curve in control (black) and 10 pM
compound 3 (red). (B) The effects of compound 3 on the activation and
deactivation properties of KCNQ2.
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3. Conclusions

In summary, we have accomplished the first asymmetric total
synthesis of maximumin B (1) from a well-documented
Wieland-Miescher ketone derivative 14 and 3-hydroxy-y-pyrone
15 in 17% yield over 4 steps. Moreover, starting from commer-
cially available (+)-sclareolide, (+)-maximumin C (2) and
(+)-ottensinin (3) have been effectively synthesized in 12 and 5
linear longest steps with overall yields of 6.6% and 30%,
respectively. The prominent features of the present chemical
syntheses include Baran decarboxylative ketone formation, Pd-
catalyzed decarboxylative coupling, and Ni-catalyzed C(sp®)-C
(sp®) cross-electrophile coupling. Of the same importance, our
robust synthesis built the foundation for deeper biological
studies. The in-depth pharmacological screening revealed
ottensinin (3) to be a potent KCNQ2 agonist, thereby holding
the potential to be further developed into a completely novel
class of antiepileptic drug. Further structural optimization of
ottensinin is currently underway in our laboratory, and related
progress will be disclosed in due course.

Data availability

Data for this article, including experimental procedures, 'H
NMR spectra, ">C NMR spectra, physical states, high-resolution
mass spectroscopy (HRMS) data of all products, specific
rotations of new chiral compounds 9, 10, 17-19, S4-S6, the
melting point range of compound 3, representative assay
results of compounds 1-3, 16, 19, and effects of compound (3)
on current of KCNQ2 channel at different concentrations are
available in the ESL{

Crystallographic data for compound 3 has been deposited
at the Cambridge Crystallographic Data Centre (deposition
number: CCDC 23555117).
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