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A concise and collective synthetic route to hypocretenolides was developed for the first time. This route
features one-pot addition-alkylation and intramolecular 1,3-dipolar cycloaddition to efficiently assemble
the 5/7/6 ring system. Our syntheses enabled multigram preparation of hypocretenolide which facilitated
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Introduction

Colorectal cancer (CRC) represents approximately one-tenth of all
diagnosed cancers annually and is the second most prevalent cause
of cancer death.™” It is noteworthy that about 20% CRC patients
show metastases at the time of their diagnosis and up to half of the
patients with initially localized tumors will develop metastases
frequently to the regional lymph nodes, liver and lungs.* In recent
years, the prognosis of metastatic CRC (mCRC) patients has
improved significantly with the development of effective thera-
peutic methods including surgery and novel anticancer drugs.**
However, in most cases, treatment of mCRC remains challenging®
and novel candidates are demanded clinically.

Our group has long-term interests in identifying drug candi-
dates from herbal terpene leads. We previously developed drug
candidate ACT001 (ref. 6) from the sesquiterpene parthenolide,
an active component of the traditional western herb Tanacetum
parthenium (feverfew). The clinical progress of ACT001 (ref. 7)
prompted us to investigate other herbal natural products, espe-
cially sesquiterpenoid with an a-methylene motif.*

Hypocretenolide was first identified in 1982 by Bohlmann et al.
from Hypochoeris cretensiss.” Later, several naturally occurring
hypocretenolides varying in oxidation states or glycosylation were
isolated (Fig. 1).° Unlike other guaianolides having 5/7/5 rings
embedded with C6 (or C8)-C12 lactones,'* hypocretenolides share
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in vitro. The animal results confirmed that hypocretenolide can inhibit metastasis of colon cancer cells.

a unique bridged 5/7/6 ring system (C5-C12 lactone) featuring an
a-methylene-3-lactone motif. Moreover, these natural products
were reported to have low ICs, values against several cancer cell
lines and inhibited activation of NF-kB,"* which was proved to be
closely associated with cancer metastasis.*

With remarkable potency, it is conceivable that hypo-
cretenolide would serve as a lead compound for the identifica-
tion of anticancer agents with potential anti-metastasis
activities. However, the further evaluation of hypocretenolide
has been impeded by the lack of materials. To the best of our
knowledge, the total synthesis of any hypocretenolide has not
yet been reported, which definitely obstructs its deep-seated
SAR studies and the development of promising
hypocretenolide-based candidates. Therefore, we started their
total syntheses. Here, we report a general and concise synthetic
approach that eventually allowed us to achieve the collective
total syntheses of four hypocretenolides.

Results and discussion

From a retrosynthetic perspective (Fig. 2), the C14 or C15
oxidation state of compound 11 and C12 and C2 oxidation
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Fig. 1 Representative naturally occurring hypocretenolides.
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Fig. 2 Retrosynthetic analysis of hypocretenolides.

states of hypocretenolide (1) were envisioned to be accessed in
the late stage. The 5/7-fused intermediate 12 was anticipated to
be built through C1-C2 carbon bond formation from aldehyde
13 using the SmI,-mediated radical process, Prins reaction or
1,3-dipolar cycloaddition. Aldehyde 13 was further decon-
structed into alkene bromide 14 and ketone 15, which could be
combined through an addition of 14-derived alkene lithium on
the ketone group of 15 followed by a tandem alkylation. The
ketone 15 could be obtained from the known 7-membered
enone 16 via an allylic chlorination.

As depicted in Fig. 3, synthesis of compound 16 began with
the inexpensive feedstock (S)-carvone and involved 5 steps
including the Corey-Chaykovsky reaction to introduce cyclo-
propane, LiAlH, reduction of ketone, ring expansion to form
a 7-membered ring, oxidation with Dess-Martin periodinane,
and double bond isomerization to form an o, B-unsatured
ketone moiety.** Notably, we achieved the preparation of 16 on
a multidecagram scale in a yield of >50% with 5 steps. With
a sufficient amount of 16 in hand, we investigated its

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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chlorination. Among the three conditions (#-BuOCl in hexane;
NaClO, CeCl;-7H,0 in DCM/H,0 and NaClO, KH,PO, in DCM/
H,0) we tested, the latter one successfully delivered the regio-
selective allylic chlorinated product 15 in 73% yield. Next, the
alkene lithium generated from 14 (ref. 15) nucleophilically
attacked the C5 of compound 15. However, the adduct was
found to be unstable during the quenching process according to
the TLC analysis. After several attempts, we succeeded in
avoiding decomposition utilizing BuOH to quench the reac-
tion at low temperature. The addition of TBAI to the resulting
reaction mixture induced an alkylation to produce a 6/7-fused
intermediate which without chromatography purification was
subjected to desilylation. The three successive transformations
were achieved in 30% yield to afford alcohol 18 on a multigram
scale. Oxidation of 18 with DMP provided aldehyde 13 in 80%
yield.

We next aimed at the C1-C2 bond formation to construct the
desired 5/6/7 ring system. Attempts with Lewis acids (BF;-Et,0,
SnCl,, Me,AlICl or ZnCl,) for the Prins reaction'® were all fruit-
less, with the substrate decomposed or intact. We turned our
attention to the powerful radical process to connect the C1-C2
carbon bond. However, the aldehyde radical mediated by SmI,
failed to deliver the desired 5/7/6-membered ring. To our
delight, aldehyde 13 was treated with NH,OH-HCI to afford an
oxime intermediate, which was subjected to NaClO conditions
and an intramolecular 1,3-dipolar cycloaddition'” proceeded
smoothly to give rise to an isoxazoline product, whose config-
uration was verified by X-ray crystallography analysis.

With the desired skeleton settled, we moved on to the
oxidation adjustment. First, we investigated the reduction of the
isoxazoline ring. To our pleasure, the optimal conditions (Fe,
AcOH, EtOH/H,O, 80 °C) we identified provided successful
reduction of the O-N bond, accompanied by three trans-
formations including hydrolysis of imine, C4-C15 double bond

Lepee |
<]
= o o} o J\/\
7) Br OTBS 0]
Me 5 steps 6) KH,POy, NaClo 14
— > M Me Mg ————————————————
Me > 50% 9 DCM, H,0 Cl nBuLi, TMEDA, -78 °C
\” 16 73% s then tBuOH, TBAI Me OH
(S)-carvone (17) Known t_lr]:’;TSB(';/F 18
1 kg ~ 1000 CHY compound . o
12
o 9) NH,OH-HCI, NaOAc o 5 0 Me
8) DMP, NaHCO3 CH3CN/H,0 Me[H /4 10) Fe, ACOH
DCM 1 then NaCIO S~ = EtOH/H,0
80% Me O CHCl3 o-N 80 °C Me O
13 75% 19 T ¥ 87% P
CCDC: 2280702
12) NaBHj,, MeOH
13) HCI, THF then MnO,, DCM¢
56% for 2 steps from 21a
Q CHO
11) SeO,, THF, 15 °C o/ Z0 Me A v OH Me
then MnO,, DCM Me 4
30% 21a and 56% 1 =
¥ Me (0]
Me O . 21b
21a

Fig. 3 Total synthesis of hypocretenolide. TMEDA = N,N,N’,N’-tetramethylethylenediamine, TBAI

rabutyl ammonium fluoride, and DMP = Dess—Martin periodinane.
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migration and C10-OH elimination in one pot which eventually
delivered the desired dienone 20 in high yield on a gram scale.
Then, to introduce the C12 oxidation state, we investigated
various conditions (see Table S1 in the ESI}). Conditions of (1)
CrO;, 3,5-DMP or pyridine in DCM and (2) PCC, Ac,0 in DCM
both favored the undesired C13-O functionality. The other
conditions employing chromium, manganese, and ruthenium
reagents resulted in either no reaction or messy results. Pleas-
ingly, 2 equivalents of SeO, in THF able to first produce a crude
containing 21b which was successively treated with MnO, to
provide hypocretenolide (1) in 56% yield (multigram scale)
accompanied by aldehyde 21a in 30% yield. To harvest natural
product hypocretenolide (1), aldehyde 21a was converted to 1
following a three-step procedure including NaBH, reduction,
HCl-mediated rearrangement and MnO, oxidation. The struc-
ture of hypocretenolide we synthesized was undoubtedly
confirmed by X-ray crystallography analysis.

For structural diversification to facilitate further biological
evaluations, we focused on the late-stage oxidation to prepare
other analogous natural products. We screened several allylic
oxidation conditions and identified that C14 was regiose-
lectively oxidized using SeO, in refluxing 1,4-dioxane (Fig. 4A). It
should be noted that natural products 3 and 2 were successfully
obtained using NaBH, in a temperature and equivalent-
controlled manner.

However, we failed to introduce the C15 oxidation state after
extensive investigations. Nonetheless, compound 19 was
employed and subjected to epoxidation on the C4-C15 double
bond (Fig. 4B). The resulting compound 24 was treated with
LDA which induced epoxide ring opening to afford alcohol 25.
After silyl protection, compound 28 was prepared following the
procedure described above and then underwent desilylpro-
tection to furnish natural product 4 with the C15-OH
functionality.
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For preliminary evaluation of anti-colon cancer effects,
hypocretenolide was tested against CT-26, MC-38, HCT-116 and
HT-29 cancer cell lines (Fig. 5A). The sesquiterpene-derived
drug candidate ACT001 and 5-FU were selected as positive
controls. The ICs, values indicated that the inhibitory activities
of hypocretenolide were the same order of magnitude compared
to those of 5-FU and up to 100-fold superior than those of
ACTO001.

To evaluate the effects of hypocretenolide on migratory
capabilities of colon cancer cells, wound healing assays were
performed. The results (Fig. 5B and C) showed that the scratch
wound healing rate significantly dropped after cells were
treated with hypocretenolide (1 uM) for both 24 h or 48 h in
comparison with those of ACT001 and 5-FU. To further validate
the anti-migration effects, transwell assays were conducted and
the results (Fig. 5D-F) indicated that the migration and inva-
sion in hypocretenolide-treated groups (0.5 and 1 pM) were
obviously decreased when compared with those of ACT001 and
5-FU groups. It is well established that cancer cell migration,
which might lead to poor prognosis, could be negatively asso-
ciated with E-cadherin expression and positively associated with
vimentin expression.'”® Based on the results of western blot
assays (Fig. 5G and H), E-cadherin expression was clearly
increased and vimentin expression was decreased after the cells
were treated with hypocretenolide. All the results above sug-
gested the potential inhibitory activities of hypocretenolide
toward the migratory capabilities of colon cancer cells in vitro.

Furthermore, we employed a liver metastasis mouse model
and pulmonary metastasis mouse model to evaluate the effects
of hypocretenolide in vivo. In the liver metastasis animal model,
the CT-26-luci cells initially injected into the spleen of BAL B/c
mice could be transferred to the liver. After administration for
several days, the bioluminescence intensities in livers which
represent the degree of metastasis were detected and the results
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Fig. 4 Syntheses of 2, 3 and 4. m-CPBA = meta-chloroperoxybenzoic acid, LDA =

butylchlorodiphenylsilane.
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Fig. 5 Hypocretenolide (Hyp) inhibited metastasis of colon cancer cells. (A) The ICsq values of hypocretenolide, ACT001 and 5-FU against colon
cancer cells; (B and C) the statistical and representative pictures of wound healing assays; (D—F) the statistical and representative pictures of
transwell assays; (G and H) western blot assays of E-cadherin and vimentin; (1) the bioluminescence intensities in a liver metastasis mouse model;

(J) the survival rate curve in a pulmonary metastasis mouse model.

suggested that the bioluminescence intensities in the hypo-
cretenolide (20 and 50 mg kg ')-treated group were lower
compared to that in other groups. As for the pulmonary model,
the CT-26-luci cells were injected into BAL B/c mice through the
tail vein followed by administration. The survival rates were
calculated. The results suggested that hypocretenolide and 5-FU
prolonged the survival period of mice compared to ACT001 and
the untreated control. These results confirmed that hypo-
cretenolide can ameliorate metastasis of colon cancer cells and
potentially exhibit therapeutic benefits, providing us with a new
chemical pool for
candidates.

identifying novel anti-colon cancer

6400 | Chem. Sci,, 2024, 15, 6397-6401

Conclusions

In conclusion, we have achieved a scalable and collective
synthetic route to the hypocretenolide scaffold. The key trans-
formations include the one-pot addition-alkylation and 1,3-
dipolar cycloaddition to rapidly construct the 5/7/6 ring system.
It is conceived that the 11-15 step synthetic route we developed
is applicable not only to the preparation of other hypo-
cretenolides, but also to the derivatives (e.g. C14 or C15-OH
derivatives) not available in nature. More importantly, we
discovered the anti-mCRC effects of hypocretenolide in vitro
and in vivo based on the data of wound healing assays, transwell

© 2024 The Author(s). Published by the Royal Society of Chemistry
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assays and animal experiments. All the results suggested that
the hypocretenolide scaffold opens an avenue for the discovery
of novel anti-mCRC candidates.
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