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ABSTRACT: Nature produces many molecules (so-called natural products) containing compact scaffolds such as
cis-anti-cis-configurated 5/5/5 and 5/6/4 tricycles. But other molecules with more strained structures, such as trans-
anti-cis-configurated 5/5/5 tricycles have been rarely found in nature. Accessing all these natural and non-natural
molecules will strengthen the power of organic synthesis and benefit many fields such as medicinal chemistry,
chemical biology that are heavily dependent on the available quantity of new/important molecules. Herein, we report
a new strategy to synthesize molecules with cis-anti-cis-configurated 5/5/5 tricycles, 5/6/4 tricycles and trans-anti-
cis-configurated 5/5/5 tricyclic skeletons by [5+2+1]/epoxidation/transannular radical cyclization strategy, where
challenging cis and trans 5/8 bicycles with both ene and carbonyl functional groups were accessed by Rh-catalyzed
[5+2+1] reaction of ene-vinylcyclopropanes and carbon monoxide, followed by epoxidation of the double bond in
the 5/8 bicycles, and Ti(Ill) mediated epoxide/carbonyl cyclization to build target skeletons. This strategy was
further applied to the first total synthesis of (+)-antrodiellin B, the asymmetric total synthesis of (—)-hypnophilin
and formal synthesis of (—)-coriolin with cis-anti-cis configurated 5/5/5 skeleton (both hypnophilin and coriolin are
highly oxidized and have significant biological activities).

Introduction

Molecules containing linear 5/5/5'2 (called triquinanes) and 5/6/43-1° tricyclic structures are widely found in nature.
Figure 1 gives several representative molecules in these families. Among them, (+)-antrodiellin B (1) was just
recently isolated from wild fungus Antrodiella albocinnamomea in this year.!" Syntheses of these molecules have
been receiving intensive interests from synthetic chemists.!>!'” One reason for this is that many of these natural
products have attractive bioactivities and have potential to become lead compounds for drug discovery. For example,

18-19 shows 100% inhibition of trypanothione reductase

(—)-hypnophilin (2), isolated from Pleurotellus hypnophilus,
(TR) at 4 uM and good anti-bacterial properties.?’ (—)-coriolin (3), isolated from Coriolus consors,*'-*? has anti-
bacterial properties and antitumor activities.?> Another reason is that the challenging 5/5/5 tricyclic skeletons and
the complex stereochemistry, substitutions and oxidation states require chemists to design new reactions and
strategies to conquer them. In the past decades, many elegant methods and strategies for constructing linear 5/5/5
structures have been developed. The strategies for these syntheses can be devided into three catalogs (using
syntheses of hypnophilin and coriolin as examples): (1) Synthesizing three five-membered rings in proper
sequences,?*33 (2) synthesizing two or three five-membered rings by a cascade cyclization process in one step,3*
3and (3) skeleton rearrangement.’*-*7 Only a few of these reported strategies used transannular reactions (such as
ene and aldol reactions) converting 5/8 bicycles, as precursors, to 5/5/5 ring systems (see examples from Pattenden,
Wender, and List in Fig. 2).43-33 This can be understood because preparation of eight-membered carbocycles was
usually more challenging than direct synthesis of five-membered rings.>*3 But today, more methods and strategies



of accessing eight-membered carbocycles have been discovered and developed,>*->® Implying that more transannular
strategies now and in the future to reach 5/5/5 or other multicycles by using easily accessed 5/8 precursors would
become viable. Actually, we previously developed three transannular strategies, all of which used 5/8 precursors
synthesized by Rh-catalyzed [5+2+1] reaction,>*-%* followed by either an aldol reaction®® or an ene reaction,”>>3 to
access 5/5/5 tricyclic skeletons (Fig. 2).
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Synthesis of 5/5/5 tricycles from 5/8 bicycles: previous work
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Fig. 2 | Previous methods and strategies to construct 5/5/5 tricycles through transannular cyclizations of 5/8 bicycles.

It is interesting to find that nature has also generated many strained molecules with bent arene, anti-Bredt
double bond and frans-configurated 5/5 bicycles.®! Among them, natural products with trans-configurated 5/5
bicycles are found and some of them have shown significant bioactivities. Three examples in this family are given
in Figure 1B.9%% With the previous successes in building 5/5/5 tricycles, we challenged ourselves to design new
transannular reactions to reach not only the common 5/5/5 rings but also other strained rings such as trans-anti-cis-

configurated 5/5/5 and 5/6/4 tricycles. With this in mind, we then decided to use Ti(Ill)-mediated radical cyclization



to test our ideas, considering that this Ti(III) mediated cyclization can build strained structures, as demonstrated by
many leading synthetic chemists in their pursuits of the syntheses of natural products.®-7¢

Our design was outlined in Fig. 3 A. First, a rhodium-catalyzed [5+2+1] cycloaddition was used to form cis-
or trans-5/8 bicycles. In this reaction, linear substrate ene-vinylcyclopropanes (ene—VCPs) (4) reacted with CO to
generate the desired compounds (5) with a cyclooctenone moiety in good yields. If R? group was not H atom, both
the cis- or trans-5/8 bicycles (cis-5 and trans-5) can be obtained by the [5+2+1] cycloaddition, depending on the
configuration of C—C double bond in the VCP moiety of substrates 4. Usually, the Z-configurated ene—VCPs gave
the cis-5/8 bicycles, while E-configurated ene—VCPs gave the trans-5/8 bicycles. If R? group was H, both the E-
and Z-configurated ene—VCP substrate 3 gave the cis-5/8 bicyclic products.
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Fig. 3 | Substrate-controlled epoxide ring-opening and follow-up cyclization to two types of tricycles.

Then cycloadducts 5 were subjected to epoxidation reaction, followed by a trivalent-titanium mediated
transannular reaction to deliver tricyclic diols 7 or 8. The reaction mechanism for this is given in Fig. 3 B. Epoxides
6 could react with Ti(IIl) reagent to form a carbon radical and an alkoxyl Ti(IV) species (I or IT). Then the cyclization
products, tricyclic diols (7 or 8), can be obtained from an intramolecular radical cyclization reaction, via the newly
generated carbon radicals attacking the carbonyl group in the eight-membered ring. We hypothesized that the
selectivity of newly generated carbon radical can be adjusted by the substituent R' and R? on the substrates: 5/5/5
tricyclic diols 7 would be obtained when R' = H, and R? is a substituent, while 5/6/4 tricyclic diols 8 could be
accessed when R! is a substituent, but R> = H. Here we report the results of synthesizing these strained molecules
by using the [5+2+1]/ epoxidation/ transannular radical cyclization sequence. The power of this strategy was further
demonstrated in the target-oriented syntheses of three 5/5/5 natural products of (+)-antrodiellin B, (—)-hypnophilin
and (—)-coriolin, which is also described in this paper.

Results and Discussion
Syntheses of Cis-anti-cis-configurated 5/5/5 Tricyclic Diols. According to the design, we synthesized cis-5/8



bicycle Sa with Ri=Me. Then epoxidation of 5a with m-CPBA generated 6a in 95% yield. After that, 6a was treated
with the trivalent titanium (prepared by 3 equivalents of Cp,TiCl, and 6 equivalents of Zn powder in situ), and the
desired tricyclic product 7a was obtained smoothly at room temperature in 76% yield. The structure of 7a with a
cis-anti-cis 5/5/5 configuration (two substituent groups on the bridgehead positions of fused 5/5 bicycles were in
cis-configuration, and two adjacent groups on bridgehead position of one fused bicycle with another one adopted
anti-configuration) was confirmed by the X-ray diffraction analysis of its analog, compound 26, which was obtained
from another cis-5/8 bicycle 13 (see later discussion). This success prompted us to apply this strategy to the
syntheses of natural products (+)-antrodiellin B, (—)-hypnophilin and (—)-coriolin.

Table 1. Scope of substrates to tricyclic products.
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@ Reaction conditions: [5+2+1] cycloadduct (ca.0.35 mmol, 1.0 equiv), m-CPBA (3.0 equiv), DCM (0.05 M), rt. ?
Reaction conditions: epoxide (0.1 mmol, 1.0 equiv), Cp-TiCl, (3.0 equiv), Zn (6.0 equiv), THF (0.033 M), rt. rt =
room temperature.



Syntheses of Trans-anti-cis-configurated 5/5/5 Tricyclic Diols. Since our [5+2+1] cycloaddition can also deliver
trans-5/8 products when using substrates with Z-configurated VCP, we wondered whether the above transannular
approach could be used to synthesize trans-anti-cis 5/5/5 tricycles. Therefore, we converted 4¢ (dimethyl-tethered
ene-E-VCP with a methoxymethoxyl (MOMO) group) to the trans-5/8 product 5S¢, which was then converted to
epoxide 6¢ in 86% yield. To our delight, trans-5/8 epoxide 6¢ can generate successfully the desired trans-anti-cis
tricyclic diol 7c¢ under the same reaction conditions mentioned above. Structure of 7¢ was confirmed by X-ray
diffraction of its p-bromobenzoyl analog 9. Besides, N-tethered substrate 5b can also give the desired trans-anti-cis
5/5/5 product 7b as a single diastereomer, by applying the same strategy.
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Fig. 4 | X-ray Structures of trans-anti-cis-configurated 5/5/5 tricycle and cis-anti-cis-configurated 5/6/4 tricycle

Syntheses of Cis-anti-cis 5/6/4 Tricyclic Diols. Now we describe here how we built 5/6/4 skeleton by the above
transannular approach. We synthesized cis-5/8 product 4d by the [5+2+1] reaction, which was then converted to
epoxide product 5d. To our delight, transannular radical reaction of 5d treated with trivalent titanium can take place
to give 5/6/4 compound 8d. The cis-anti-cis-configuration of 8d was proposed by analogy to compound 10,
confirmed by X-ray analysis (Fig. 4). Besides, O-tethered substrate 4e and methyl-substituted substrate 4f can
respectively be converted to 5/6/4 products 8e and 8f. Therefore, the present strategy is very effective in obtaining
analogs of natural products with 5/6/4 skeletons for medicinal investigation. Usually, oxygen-centered radicals in
four-membered rings prefer to undergo Grob fragmentation to form bigger rings,”” but here is the opposite. We
attributed this to the thermodynamic reason, proposing that, once the oxygen radical is generated, it can be trapped
by Ti(IIT) to form strong O—Ti bond®”7® (excess Ti(IIl) was used in the reaction).

Syntheses of (+)-antrodiellin B, (—)-hypnophilin and (—)-coriolin. Having achieved three different kinds of
tricyclic cores using the designed strategy, we further applied this method to the syntheses of three natural products,
(+)-antrodiellin B (1), (—)-hypnophilin (2) and (—)-coriolin (3). The retrosynthetic analysis was shown in Fig. 5,
where our key intermediate is tricyclic compound 11, which was previously used by Paquette,*’” Curran®® and
Weinges’# in their syntheses of hypnophilin and coriolin. In our synthesis, intermediate 11 could be synthesized
from tricyclic diol 12, which can be accessed via [5+2+1]/ epoxidation/ cyclization strategy. At the same time,
antrodiellin B can be easily prepared via the intermediate 12. The [5+2+1] cycloadduct 13 can be reached from
substrate ene—VCP 14, which must have a Z-configuration in order to have a cis-anti-cis configuration in product
13. We planned to use a chiral substrate 14 for the synthesis so that we can achieve the synthesis of the target

molecules in an asymmetric fashion.
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Fig. 5 | Retrosynthetic analysis of (+)-antrodiellin B, (—)-hypnophilin and (—)-coriolin based on [5+2+1]/
epoxidation/ radical cyclization strategy.

Here we detail our synthesis. The easily prepared Z-configurated cyclopropyl allyl alcohol 17 was oxidized by
MnQO; in DCM, delivering the a,f-unsaturated aldehyde 18, with retention of the double bond configuration in the
product. Then 18 reacted with (2-methylpent-4-en-2-yl)lithium 16 to produce racemic ene—VCP rac-19 with the
retention of the VCP configuration. Here 16 was prepared by a decyano-lithiation reaction, which was developed
by Overman and coworkers,®' from 2,2-dimethylpent-4-enenitrile 15 using lithium 4,4’-di-tert-butylbiphenylide
(LiDBB)® through a reduction reaction. To get chiral substrate 19, we oxided the racemic 19 to its ketone, followed
by CBS reduction using (S)-CBS. To our delight, chiral compound 19 was obtained in 81% yield and 97% ee. The
hydroxyl group in 19 was protected by MOM (methoxymethyl) group, and the resulting product 14 was then
subjected to our traditional [5+2+1] reaction conditions. We were happy to observe that the target chiral 5/8 product
13 was obtained in 49% yield as a single diastereoisomer.
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We then carried out epoxidation/transannular radical cyclization strategy by using 13. Epoxide 20 can be
obtained in 87% yield from 13. Then 20 was added to the solution of Cp,TiCl, and Zn powder in THF for the
transannular radical reaction. To our delight, the reaction worked well and gave the desired 5/5/5 tricyclic diol 12
in 84% yield. The absolute configuration and the structure of this product were determined by X-ray diffraction of
its p-bromobenzoyl analog 26 (Figure 6).

The followed tasks in the total synthesis include oxidation state adjustments and functional group
transformations. Compound 12 could be oxidized by pyridinium dichromate (PDC) to compound 21, which was
then converted by Wittig olefination to compound 22. Then we planned that the total synthesis of (+)-antrodiellin B



(1) could be completed via the deprotection of intermediate 22.%3 Unfortunately, we obtained compound 23 instead
of 1, suggesting that a double bond isomerization took place under acidic conditions. Due to this, we reversed the
order of these two reactions by removing the MOM group firstly, generating intermediate 24, followed by Wittig
olefination to give (+)-antrodiellin B (1). The 'H, '3C NMR and specific optical rotation of the synthesized product
here matched perfectly with those of this natural product.

We then continued our journey to synthesize another two natural products from 22. Allylic oxidation reaction
of 22 by using SeO,/t-BuOOH gave an alcohol, which was then oxidized by Dess-Martin Periodinane (DMP) to
deliver compound 25. Under the acidic conditions, a,f-dehydration and deprotection of MOM group were realized
in one pot, giving rise to the desired advanced intermediate 11. The 'H, 3 C NMR spectra and specific optical rotation
of this synthesized compound were identical with those reported in literature. Intermediate 11 was then epoxidized
to give (—)-hypnophilin in 29% yield using H>O (together with the recovered 63% starting material). The 'H, *C
NMR and specific optical rotation of the synthesized product here matched perfectly with those of this natural
product. From intermediate 11, (—)-coriolin could be synthesized by using additional 4 steps reported by Paquette
et al. With these, we accomplished the asymmetric total synthesis of (—)-hypnophilin (2) and formal total synthesis
of (—)-coriolin (3).

Conclusion

In summary, we developed a [5+2+1] cycloaddition/ epoxidation/ transannular radical cyclization strategy to
synthesize molecules with three kinds of tricyclic skeletons, including (i) regular cis-anti-cis-configurated 5/5/5
tricyclic skeleton which exists widely in linear triquinane-type natural products or hetero-triquinane natural products;
(i1) synthetically challenging trans-anti-cis-configurated 5/5/5 tricyclic skeleton containing a high-strained trans-
fused bicyclo[3.3.0] octane structure; (iii) cis-anti-cis-configurated 5/6/4 tricyclic skeleton. We also used this
strategy to realize the asymmetric total synthesis of (+)-antrodiellin B, (—)-hypnophilin and formal synthesis of (—)-
coriolin in high efficiency. We believe such a transannular approach could be applied to other big ring compounds
so that various compact and strained multicyclic molecules can be realized.

Data availability

All the characterization data and experimental protocols are provided in this article and its Supplementary
Information. Crystallographic data have been deposited at the Cambridge Crystallographic Data Centre, under
deposition number CCDC 2176952 (compound 9), CCDC 2176955 (compound 10) and CCDC 2176954 (compound
26). Copies of the data can be obtained free of charge via https://www.ccdc.cam.ac.uk/structures/.

References

1. Qiu, Y,; Lan, W.-J.; Li, H.-J.; Chen, L.-P. Linear Triquinane Sesquiterpenoids: Their Isolation, Structures,
Biological Activities, and Chemical Synthesis. Molecules, 23, 2095 (2018).

2. Yang Y.-L.; Yu W.-W.; Li Z.-H.; Liu J.-K.; Feng, T. Antrodiellins A—C, Triquinane Sesquiterpenoids from
Fungus Antrodiella Albocinnamomea with Their Antibacterial Activity. Phytochemistry Lett. 47,24-27 (2022).

3. Ayer, W.A.; Sacedi-Ghomi, M. H.; Van Engen, D.; Tagle, B.; Clardy, J. The Sterpuric Acids - A New Type of
Sesquiterpenoid. Tetrahedron 37, 379-385 (1981).

4. Sterner, O.; Anke, T.; Sheldrick, W. S.; Steglich, W. New Sterpurane and Isolactarane Sesquiterpenes from the
Fungus Merulius Tremellosus. Tetrahedron 46, 2389—-2400 (1990).

5. Jonassohn, M.; Anke, H.; Sterner, O.; Svensson, C. New Compounds Isolated from The Culture Filtrate of the
Fungus Merulius Tremellosus. Tetrahedron Lett. 35, 1593—-1596 (1994).

6. Schuffler, A.; Wollinsky, B.; Anke, T.; Liermann, J. C.; Opatz, T. Isolactarane and Sterpurane Sesquiterpenoids


https://www.ccdc.cam.ac.uk/structures/

10.

11

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

from the Basidiomycete Phlebia uda. J. Nat. Prod. 75, 1405-1408 (2012).

Zheng, Y.; Shen, Y. Clavicorolides A and B, Sesquiterpenoids from the Fermentation Products of Edible Fungus
Clavicorona pyxidate. Org. Lett. 11, 109-112 (2009).

Rasser, F.; Anke, T.; Sterner, O. Secondary Metabolites from a Gloeophyllum Species. Phytochemistry 54, 511—
516 (2000).

Cimino, G.; De Giulio, A.; De Rosa, S.; De Stefano, S. New Sterpurane Sesquiterpenoid from the Mediterranean
Alcyonum Acaule: Structure of 3-Acetoxy-Sterpurene. Tetrahedron 45, 6479-6484 (1989).

Zhai, Y.-J.; Li, J.-N.; Gao, Y.-Q.; Gao, L.-L.; Wang, D.-C.; Han, W.-B.; Gao, J.-M. Structurally Diverse
Sesquiterpenoids with Anti-neuroinflammatory Activity from the Endolichenic Fungus Cryptomarasmius
aucubae. Nat. Prod. Bioprospect. 11, 325-332 (2021).

Yang, Y.-L.; Yu, W.-W,; Li, Z.-H.; Liu, J.-K.; Feng, T. Antrodiellins A—C, Triquinane Sesquiterpenoids from
Fungus Antrodiella Albocinnamomea with Their Antibacterial Activity. Phytochem. Lett. 47, 24-27 (2022).
For 5/5/5 triquinane synthesis, see ref la and Mehta, G.; Srikrishna, A. Synthesis of Polyquinane Natural
Products: An Update. Chem. Rev. 97, 671-720 (1997).

El-Hachach, N.; Gerke, R.; Noltemeyer, M.; Fitjer, L. Protoilludane Sesquiterpenes: Synthesis of (+)-Cerapicol,
Formal Synthesis of (+)-Sterpurene, and Synthesis and Absolute Configuration of (+)-cerapicol. Tetrahedron
65, 1040-1047 (2009).

Strunz, G. M.; Bethell, R.; Dumas, M. T.; Boyonoski, N. On A New Synthesis of Sterpurene and the Bioactivity
of Some Related Chondrostereumpurpureum Sesquiterpene Metabolites. Can. J. Chem. 75, 742—753 (1997).
Zhao, S.-K.; Helquist, P. Short synthesis of (+)-sterpurene. J. Org. Chem. 55, 5820-5821 (1990).

Sahu, R.; Singh, V. Cycloaddition of Spiroepoxycyclohexa-2,4-dienones, Radical Cyclization and 1,3-Acyl
Shift in Excited State: Aromatics to Sterpuren-4-one. J. Org. Chem. 82, 6268-6278 (2017).

Gibbs, R. A.; Okamura, W. H. A Short Enantioselective Synthesis of (+)-Sterpurene: Complete Intramolecular
Transfer of Central to Axial to Central Chiral Elements. J. Am. Chem. Soc. 110, 4062—4063 (1988).

Kupka, J.; Anke, T.; Giannetti, B. M.; Steglich, W. Antibiotics from Basidiomycetes XIV. Isolation and
Biological Characterization of Hypnophilin, Pleurotellol, and Pleurotellic Acid from Pleurotellus hypnophilus
(Berk.) Sacc. Arch. Microbiol. 130, 223-227 (1981).

Giannetti, B. M.; Steffan, B.; Steglich, W. Antibiotics from Basidiomycetes .24. Antibiotics with A Rearranged
Hirsutane Skeleton from Pleurotellus Hypnophilus (Agaricales). Tetrahedron 42, 3587-3593 (1986).

Barros Cota, B.; Rosa, L. H.; Souza Fagundes, E. M.; Olindo Assis Martins-Filho, O. A.; Correa-Oliveira, R.;
Romanha, A. J.; Rosa, R. C.; Zani, C. L. A potent trypanocidal component from the fungus Lentinus strigosus
inhibits trypanothione reductase and modulates PBMC proliferation. Mem. Inst. Oswaldo Cruz. 103, 263-270
(2008).

Takeuchi, T.; linuma, H.; Iwanaga, J.; Takahashi, S.; Takita, T.; Umezawa, H. Coriolin A New Basidiomycetes
Antibiotic. J. Antibiot. 22, 215-217 (1969).

Takahashi, S.; Naganawa, H.; linuma, H.; Takita, T.; Maeda, K.; Umezawa, H. Revised Structure and
Stereochemistry of Coriolins. Tetrahedron Lett. 12, 1955—1958 (1971).

Nishimura, Y.; Koyama, Y.; Umezawa, S.; Takeuchi, T.; Ishizuka, M.; Umezawa, H. Syntheses of Coriolin, 1-
Deoxy-1-Ketocoriolin and 1,8-Dideoxy-1,8-Diketocoriolin from Coriolin B. J. Antibiot. 33, 404—407 (1980).
Danishefsky, S.; Zamboni, R.; Kahn, M.; Etheredge, S. J. Total Synthesis of dI-Coriolin. J. Am. Chem. Soc. 102,
2097-2098 (1980).

Shibasaki, M.; Iseki, K.; Ikegami, S. A Total Synthesis of dI-Coriolin. Tetrahedron Lett. 21, 3587—3590 (1980).
Iseki, K.; Yamazaki, M.; Shibasaki, M.; lkegami, S. The Total Synthesis of dl-Coriolin. Tetrahedron 37,
4411-4418 (1981).



27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Trost, B. M.; Curran, D. P. Synthesis of dl-Coriolin. J. Am. Chem. Soc. 103, 7380—7381 (1981).

Ito, T.; Tomiyoshi, N.; Nakamura, K.; Azuma, S.; Izawa, M.; Maruyama, F.; Yanagiya, M.; Shirahama, H.;
Matsumoto, T. A New Synthesis of dI-Coriolin A. Application of A New SN2 Reaction at A Neopentylic
Position. Tetrahedron Lett. 23, 1721-1724 (1982).

Schuda, P. F.; Heimann, M. R. The Synthesis of dl-Coriolin. Tetrahedron Lett. 24, 4267—4270 (1983).

Schuda, P. F.; Heimann, M. R. The Synthesis of dl-Coriolin. 7etrahedron 40, 2365-2380 (1984).

Koreeda, M.; Mislankar, S. G. The Chemistry of the Dianions of 3-Heteroatom-Substituted Cyclopent-2-En-1-
Ones: An Expedient Route to dl-Coriolin. J. Am. Chem. Soc. 105, 7203—7205 (1983).

Domon, K.; Masuya, K.; Tanino, K.; Kuwajima, 1. Highly Efficient Method for Coriolin Synthesis. Tetrahedron
Lett. 38, 465—468 (1997).

Mizuno, H.; Domon, K.; Masuya, K.; Tanino, K.; Kuwajima, 1. Total Synthesis of (-)-Coriolin. J. Org. Chem.
64, 26482656 (1999).

Exon, C.; Magnus, P. Stereoselectivity of Intramolecular Dicobalt Octacarbonyl Alkene-Alkyne Cyclizations:
Short Synthesis of dI-Coriolin. J. Am. Chem. Soc. 105, 2477-2478 (1983).

Magnus, P.; Exon, C.; Albaugh-Robertson, P. Dicobaltoctacarbonyl Alkyne Complexes As Intermediates in the
Synthesis of Bicyclo[3.3.0]Octenones For The Synthesis of Coriolin and Hirsutic Acid. Tetrahedron 41,
5861-5869 (1985).

Van Hijfte, L.; Little, R. D.; Petersen, J. L.; Moeller, K. D. Intramolecular 1,3-Diyl Trapping Reactions. Total
Synthesis of (£)-Hypnophilin and (£)-Coriolin. Formation of the Trans-Fused Bicyclo[3.3.0Joctane Ring
System. J. Org. Chem. 52, 4647-4661 (1987).

Hijfte, L. V.; Little, R. D. Intramolecular 1,3-Diyl Trapping Reactions. A Formal Total Synthesis of (+)-Coriolin.
J. Org. Chem. 50, 3940—3942 (1985).

Fevig, T. L.; Elliott, R. L.; Curran, D. P. A Samarium(II) lodide Promoted Tandem Radical Cyclization. The
Total Synthesis of (+)-Hypnophilin and the Formal Synthesis of (&)-Coriolin. J. Am. Chem. Soc. 110,
5064—5067 (1988).

Tatsuta, K.; Akimoto, K.; Kinoshita, M. The Total Synthesis of (+)-Coriolin. J. Antibiot. 33, 100—102 (1980).
Tatsuta, K.; Akimoto, K.; Kinoshita, M. The Total Synthesis of (+)-Coriolin. Tetrahedron 37, 4365—4369 (1981).
Tatsuta, K.; Akimoto, K.; Kinoshita, M. A New, Stereocontrolled Synthesis of cis,nti,cis-
tricyclo[6.3.0.02,6]Jundecanes. Total Synthesis of (+)-Hirsutene. J. Am. Chem. Soc. 101, 6116—6118 (1979).
Wender, P.; Howbert, J. J. Synthetic Studies on Areneolefin Cycloadditions VI Two Syntheses of (+)-Coriolin.
Tetrahedron Lett. 24, 5325—5328 (1983).

Demuth, M.; Ritterskamp, P.; Weigt, E.; Schaftner, K. Total Synthesis of (—)-Coriolin. J. Am. Chem. Soc. 108,
4149-4154 (1986).

Mehta, G.; Murthy, A. N.; Reddy, D. S.; Reddy, A. V. A general approach to linearly fused triquinane natural
products. Total syntheses of ()-hirsutene, (+)-coriolin, and (+)-capnellene. J. Am. Chem. Soc. 108, 3443—3452
(1986).

Singh, V.; Samanta, B. Generation of Molecular Complexity from Aromatics: A Formal Total Synthesis of
Coriolin from 6-Methylsaligenin. Tetrahedron Lett. 40, 383—386 (1999).

Singh, V.; Samanta, B.; Kane, V. V. Molecular Complexity from Aromatics: Synthesis and Photoreaction of
Endo-Tricyclo[5.2.2.0(2.6)] Undecanes. Formal Total Syntheses of (+/—)-Coriolin. Tetrahedron 56, 7785—7795
(2000).

Paquette, L. A.; Geng, F. Applications of the Squarate Ester Cascade to the Expeditious Synthesis of
Hypnophilin, Coriolin, and Ceratopicanol. J. Am. Chem. Soc. 124, 9199-9203 (2002).

Birch, A. M.; Pattenden, G. Capnellane Sesquiterpenes. Total Synthesis of Epiprecapnelladiene and Capnellene.



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

J. Chem. Soc., Perkin Trans. 1 8, 1913—1917 (1983).

Wender, P. A.; Correia, C. R. D. Intramolecular Photoinduced Diene-Diene Cyaloadditions: A Selective Method
for the Synthesis of Complex Eight-Membered Rings And Polyquinanes. J. Am. Chem. Soc. 109, 2523-2525
(1987).

Jiao, L.; Yuan, C.; Yu, Z.-X. Tandem Rh(I)-Catalyzed [(5+2)+1] Cycloaddition/Aldol Reaction for the
Construction of Linear Triquinane Skeleton: Total Syntheses of (+)-Hirsutene and (£)-1-Desoxyhypnophilin. J.
Am. Chem. Soc. 130, 4421-4430 (2008).

Chandler, C. L.; List, B. Catalytic, Asymmetric Transannular Aldolizations: Total Synthesis of (+)-Hirsutene. J.
Am. Chem. Soc. 130, 67376739 (2008).

Liu, J.; Zhou, Y.; Zhu, J.; Yu, Z.-X. Synthesizing Molecules with Linear Tricyclic 5/5/5 and 6/5/5 Skeletons via
[S +2 + 1])/Ene Strategy. Org. Lett. 23, 7566—7570 (2021).

Liu, J.; Zhou, Y.; Yu, Z.-X. Six-Step Total Synthesis of Isohirsut-4-ene through [5+2+1] Cycloaddition and
Transannular Epoxide—Alkene Cyclization. Org. Lett. 24, 14441447 (2022).

[lluminati, G.; Mandolini, L. Ring Closure Reactions of Bifunctional Chain Molecules. Acc. Chem. Res. 14,
95-102 (1981).

Galli, C.; Mandolini, L. The Role of Ring Strain on the Ease of Ring Closure of Bifunctional Chain Molecules.
Eur. J. Org. Chem. 2000, 3117.

Yu, Z.-X.; Wang, Y.; Wang, Y. Transition-Metal-Catalyzed Cycloadditions for the Synthesis of Eight-Membered
Carbocycles. Chem. - Asian J. 5, 1072—1088 (2010).

Wang, L.-N.; Yu, Z.-X. Transition-Metal-Catalyzed Cycloadditions for the Synthesis of Eight-Membered
Carbocycles: An Update from 2010 to 2020. Chin. J. Org. Chem. 40, 3536-3558 (2020).

Hu, Y.-J.; Li, L.-X.; Han, J.-C.; Min, L.; Li, C.-C. Recent Advances in the Total Synthesis of Natural Products
Containing Eight-Membered Carbocycles (2009—2019). Chem. Rev. 120, 5910—5953 (2020).

Wang, Y.; Wang, J.; Su, J.; Huang, F.; Jiao, L.; Liang, Y.; Yang, D.; Zhang, S.; Wender, P. A.; Yu, Z.-X. A
Computationally Designed Rh(I)-Catalyzed Two-Component [5 + 2+ 1] Cycloaddition of Ene-
vinylcyclopropanes and CO for the Synthesis of Cyclooctenones. J. Am. Chem. Soc. 129, 10060—10061 (2007).
Wang, Y.; Yu, Z.-X. Rhodium-Catalyzed [5 + 2 + 1] Cycloaddition of Ene-Vinylcyclopropanes and CO:
Reaction Design, Development, Application in Natural Product Synthesis, and Inspiration for Developing New
Reactions for Synthesis of Eight-Membered Carbocycles. Acc. Chem. Res. 48, 2288—2296 (2015).

Zhang, W.; Li, L.; Li, C.-C. Synthesis of Natural Products Containing Highly Strained trans-Fused
Bicyclo[3.3.0]octane: Historical Overview and Future Prospects. Chem. Soc. Rev. 50, 9430-9442 (2021).
Hsiao, G.; Chi, W.-C.; Pang, K.-L.; Chen, J.-].; Kuo, Y.-H.; Wang, Y.-K.; Cha, H.-J.; Chou, S.-C.; Lee, T.-H.
Hirsutane-Type Sesquiterpenes with Inhibitory Activity of Microglial Nitric Oxide Production from the Red
Alga-Derived Fungus Chondrostereum sp. NTOU4196. J. Nat. Prod. 80, 1615-1622 (2017).

Collado, I. G.; Sanchez, A. J. M.; Hanson, J. R. Fungal terpene metabolites: biosynthetic relationships and the
control of the phytopathogenic fungus Botrytis cinerea. Nat. Prod. Rep. 24, 674—686 (2007).

Kinnel, R. B.; Gehrken, H. P.; Scheuer, P. J. Palau’amine: A Cytotoxic and Immunosuppressive Hexacyclic
Bisguanidine Antibiotic from the Sponge Stylotella agminate. J. Am. Chem. Soc. 115, 3376-3377 (1993).
Grube, A.; Kock, M. Structural Assignment of Tetrabromostyloguanidine: Does the Relative Configuration of
the Palau’amines Need Revision? Angew. Chem., Int. Ed. 46, 2320-2324 (2007).

Nugent, W. A.; RajanBabu, T. V. Transition-metal-centered radicals in organic synthesis. Titanium(III)-induced
cyclization of epoxy olefins. J. Am. Chem. Soc. 110, 8561-8562 (1988).

Gansduer, A.; Lauterbach, T.; Narayan, S. Strained Heterocycles in Radical Chemistry. Angew. Chem. Int. Ed.
42, 5556-5573 (2003).



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Xuan, J.; Liu, Z.; Zhu, A.; Rao, P.;; Yu, L.; Ding, H. Diastereoselective Total Synthesis of the Euphorbia
Diterpenoid Pepluanol A: A Reductive Annulation Approach. Angew. Chem. Int. Ed. 56, 8898—-8901 (2017).
Xuan, J.; Zhu, A.; Ma, B.; Ding, H. Diastereoselective Synthesis of the Hydroperoxide—Keto Form of (+)-
Steenkrotin B. Org. Lett. 20, 4153—4156 (2018).

Gansduer, A.; Greb, A.; Huth, 1.; Worgull, D.; Knebel, K. Formal Total Synthesis of (+)-Fragranol via Template
Catalyzed 4-exo Cyclization. Tetrahedron 65, 10791-10796 (2009).

Clive, D. L. J.; Magnusson, S. R. Synthesis of the sesquiterpene (£)-ceratopicanol: Use of radicals derived from
epoxides. Tetrahedron Lett. 36, 15—18 (1995).

Clive, D. L. J.; Magnusson, S. R.; Manning, H. W.; Mayhew, D. L. Cyclopentannulation by an Iterative Process
of Sequential Claisen Rearrangement and Enyne Radical Closure: Routes to Triquinane and Propellane Systems
and Use in the Synthesis of (+)-Ceratopicanol. J. Org. Chem. 61, 2095-2108 (1996).

Fernandez-Mateos, A.; Martin de la Nava, E.; Coca, G. P.; Silvo, A. R.; Gonzalez, R. R. Org. Lett. 1, 607-610
(1999).

Ruano, G.; Grande, M.; Anaya, J. Stereospecific Synthesis of Highly Functionalized Tricyclic B-Lactams by
Radical Cyclizations Using Titanocene Monochloride. J. Org. Chem. 67, 8243—8246 (2002).

Anaya, J.; Fernandez-Mateos, A.; Grande, M.; Martiafiez, J.; Ruano, G.; Rubio-Gonzalez, M. R. Cyclization
and rearrangement of 4-(2-methyloxiranyl)-p-lactams promoted by titanocene dichloride/Zn0. Tetrahedron 59,
241-248 (2003).

Ruano, G.; Martiafiez, J.; Grande, M.; Anaya, J. Stereospecific Synthesis of Polyfunctionalized Carbacephams
Induced by Titanocene(I1I) ChlorideStereospecific Synthesis of Polyfunctionalized Carbacephams Induced by
Titanocene(IlT) Chloride. J. Org. Chem. 68, 2024-2027 (2003).

Ren, R.; Zhao, H.; Huan, L.; Zhu, C. Manganese-Catalyzed Oxidative Azidation of Cyclobutanols:
Regiospecific Synthesis of Alkyl Azides by C—C Bond Cleavage. Angew. Chem., Int. Ed. 54, 12692—12696
(2015).

Fernandez-Mateos, A.; Martin de la Nava, E.; Coca, G. P.; Silvo, A. R.; Gonzalez, R. R. Radicals from Epoxides.
Intramolecular Addition to Aldehyde and Ketone Carbonyls. Org. Lett. 1, 607—609 (1999).

Weinges, K.; Dietz, U.; Oeser, T.; Irngartinger, H. Synthesis of Enantiomerically Pure (—)-Hypnophilin. Angew.
Chem., Int. Ed. 29, 680—682 (1990).

Weinges, K.; latridou, H.; Dietz, U. EPC-Synthese von (—)-Hypnophilin. Liebigs Ann. Chem. 893-902 (1991).
Schnermann, M. J.; Untiedt, N. L.; Jiménez-Osés, G.; Houk, K. N.; Overman, L. E. Forming tertiary
organolithiums and organocuprates from nitrile precursors and their bimolecular reactions with carbon
electrophiles to form quaternary carbon stereocenters. Angew. Chem., Int. Ed. 51, 9581-9586 (2012).

Hill, R. R.; Rychnovsky, S. D. Generation, Stability, and Utility of Lithium 4,4’-Di-tert-butylbiphenylide
(LiDBB). J. Org. Chem. 81, 10707-10714 (2016).

Lee, A. S.-Y.; Hu, Y.-J.; Chu, S.-F. A Simple and Highly Efficient Deprotecting Method for Methoxymethyl and
Methoxyethoxymethyl Ethers and Methoxyethoxymethyl Esters. Tetrahedron 57,2121-2126 (2001).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (21933003) and High-Performance
Computing Platform of Peking University. We thank Dr. Jie Su at Analytical Instrumentation Center of Peking

University for their assistance in X-ray single crystal diffraction analysis. We also appreciate Mr. Yi Zhou, Mr. Fei

Wang, and Mr. Naike Ye at Peking University for their assistance in some synthetic experiments.

Author Contributions



Z.-X.Y. designed and supervised the project, L.-N.W. and Z.H. designed and carried out the chemical reactions and
analyzed the data, Z.-X.Y., L.-N.W. and Z.H. wrote the manuscript.

Additional information

Correspondence and requests for materials should be addressed to Z.-X.Y.



