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ABSTRACT: The diversity of complex molecular structures of Cephalotaxus diterpenoids poses great challenges in
uncovering the pharmaceutical potential of these natural products. As a subfamily of Cephalotaxus diterpenoids, 17-

nor-cephalotane diterpenoids possess polycyclic frameworks with seven-membered A ring bearing different oxidation
states. On the basis of a novel ynol-diene cyclization developed as a rapid access to tropone unit, a concise and

divergent strategy to 17-nor-cephalotane diterpenoids has been successfully established. Combining with a bioinspired
stereoselective dual hydrogenation, the enantioselective total synthesis of (+)-3-deoxyfortalpinoid F, (+)-
harringtonolide, (−)-fortalpinoids M/N/P, and analog (−)-20-deoxycephinoid P have been achieved in 14-17 linear

longest steps starting from commercially available materials.

Diversity is an intrinsic property of Nature, enriching the world with countless beauties and surprises. As a case in

molecular architecture of natural products, the complex polycyclic structures of Cephalotaxus diterpenoids exhibit a

prominent structural diversity, which poses significant obstacles to the synthesis of these natural species and the

achievement of their pharmaceutical values.

Since the discovery of harringtonolide (1) as the first member of Cephalotaxus diterpenoids in 1978,1 great efforts

have been contributed to discover new congeners,2 which effectively promoted the expansion of Cephalotaxus

diterpenoids into a compelling natural product family comprising over 100 members, some of which exhibit intriguing

biological activities. For instance, harringtonolide (1) demonstrates selective anticancer activity on KB tumor cells.3 3-

Deoxyfortalpinoid F (4) exhibits distinct antitumor activity.2l Cephinoid H (5) shows significant inhibition of the NF-

κB signaling pathway and cytotoxicity against human tumor cell lines.2k The structural diversity of Cephalotaxus

diterpenoids is categorized into five subfamilies:2t 17-nor-cephalotane diterpenoids, prototype diterpenoids, benzenoid

norditerpenoids, A-ring-seco norditerpenoids, and dimers. Their complex polycyclic skeletons, combing with valuable

biological properties, have attracted great attention from the organic synthesis community. Impressive progresses had

been made toward total synthesis of Cephalotaxus diterpenoids by groups of Mander,4 Tang,5 Zhai,6 Zhao,7 Gao,8

Sarpong,9 Cai,10 Yang11 and Wang,12 and our group.13

It is noteworthy that 17-nor-cephalotane diterpenoids are subdivided into two categories,2t Cephalotaxus troponoids

and tropone-free 17-nor-cephalotane diterpenoids, which share the same skeleton with different oxidation states on

ring A (Figure 1). And it was proposed by Zhang, Shen, and co-workers that tropone-free 17-nor-cephalotane

diterpenoids could be biosynthetically derived from partial reduction of the tropone unit of Cephalotaxus troponoids.14

Up to date, there are elegant strategies leading to the formation of the peculiar tropone motif reported in total synthesis

of Cephalotaxus troponoids. Application of the Buchner reaction strategy came from Mander and co-workers in the

earliest total synthesis of 3-deoxyfortalpinoid F (4)4a and harringtonolide (1).4b Tang and co-workers employed an
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oxidopyrylium mediated intramolecular [5+2] cycloaddition protocol in their total synthesis of 1.5 In the first

asymmetric total synthesis of (+)-1, Zhai and co-workers developed a Rh-enabled intramolecular [3+2] cycloaddition

strategy.6a Our group reported a ring-closing metathesis (RCM)/elimination protocol in the asymmetric total synthesis

of (+)-4, (+)-5 and (+)-fortalpinoid A (6).13a A divergent carbon introduction/ring-expansion strategy had been

validated by Zhao and co-workers in their total synthesis of 5, fortalpinoid C, cephanolide E and their analogs.7b In the

total synthesis of 1, an oxidative dearomatization/ring-expansion protocol had been developed by groups of Sarpong9c

and Wang,12 respectively. Regarding the synthesis of cycloheptene unit in tropone-free 17-nor-cephalotane

diterpenoids, there is only one effective strategy reported, which is the elegant Nicholas/Hosomi−Sakurai reaction

tactic developed by Gao and co-workers in their asymmetric total synthesis of (−)-cephafortoid A (10), (−)-cephinoid P

(11), (−)-14-epi-cephafortoid A (12) and (−)-fortalpinoids M/N/P (7/8/9).8c Notably, in the asymmetric total synthesis

of (+)-mannolide C achieved by Zhai, Chen and co-workers, an ingenious double RCM strategy was established for the

construction of a similar cycloheptene A ring.6b
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Figure 1. (a) Representatives of Cephalotaxus troponoids. (b) Representatives of tropone-free 17-nor-cephalotane
diterpenoids. (c) Synthetic plan to 17-nor-cephalotane diterpenoids.

Although some synthetic strategies had been successfully developed for Cephalotaxus troponoids and tropone-free

17-nor-cephalotane diterpenoids, a divergent strategy to synthesize two categories of 17-nor-cephalotane diterpenoids

is still not available. And it is noticeable that the introduction of carbonyl group into the tropone unit encountered

regioselectivity issues sometimes.7b, 9c, 12 Therefore, it is a challenging task to develop a divergent and efficient

synthetic route to both categories of 17-nor-cephalotane diterpenoids.

In recent years, our group had developed a stereoselective Pauson−Khand reaction tactic as a general access to the

B-C-D-E ring skeleton of Cephalotaxus diterpenoids.13 However, our asymmetric total synthesis of Cephalotaxus

troponoids (+)-4/5/6 was quite cumbersome with the requirement of 23-25 linear longest steps starting from a known

chiral building block obtained from chiral resolution process,15 which made the further biological evaluation of these

compounds difficult. Herein, we present the development of a divergent synthetic route to 17-nor-cephalotane
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diterpenoids and enantioselective total synthesis of (+)-4, (+)-1 and (−)-7/8/9 with decent efficiency. Our synthetic plan

is outlined in Figure 1c. Inspired by the biosynthetic proposal from Zhang, Shen, and co-workers,14 we anticipated that

a dual hydrogenation of Cephalotaxus troponoids could be a feasible pathway to achieve the lower oxidation state of A

ring in tropone-free 17-nor-cephalotane diterpenoids, and more importantly a stereoselective access to stereocenters on

C8 and C12. For synthesis of Cephalotaxus troponoids, our expectation is that, through a novel ynol-diene cyclization,

commercially available ynol compound 14 could be applied to fill up the loophole of tropone A ring of 15a and 15b.

Scheme 1. Development of ynol-diene cyclization and divergent synthesis of (+)-3-deoxyfortalpinoid F and (+)-
harringtonolide.
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Taking benefits from the stereoselective Pauson−Khand reaction and asymmetric Michael addition tactics developed

in our previous works,13d the enantioselective preparation of 15a and 15b was readily achieved in 11 and 12 steps from

commercially available materials, respectively (see SI for details). Then, we carried out the exploration on the

proposed ynol-diene cyclization and synthesis of Cephalotaxus troponoids (Scheme 1). Comparing with the skeleton of

Cephalotaxus troponoids, the structural analysis revealed that there is only an ynol unit missing in 15a. And to achieve

effective regioselectivity for the introduction of the carbonyl, the connection of 14 and 15a through a nucleophilic

addition could be a reliable solution. Our expectation is that, under acidic conditions, the adduct 13a could generate the

ketenium cation intermediate 16 (Scheme 1, Path A). The subsequent Prins reaction will result in the formation of the

seven-membered ring in 17, which could deliver the tropone unit in 18 through an elimination process. To the best of

our knowledge, the proposed ynol-diene cyclization is an unexplored process. There is a similar ynol-ene cyclization

reported by Takikawa and co-workers, which led to the construction of a cyclohexadienone skeleton.16 However, 13a

may go through another cyclization pathway (Path B), which could release the acid activated tertiary hydroxy directly

and afford cyclopentadiene-type product 20. Therefore, it will be challenging to achieve the construction of tropone
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unit through the proposed ynol-diene cyclization.

The cyclization of 13a was then examined under various acidic conditions (Scheme 1a). Of note, the hydrolysis of

the acetal motif could take place readily under acidic conditions, which will pose a problem for characterization of the

unstable intermediates 18 and 20. Therefore, the one-pot oxidation with NaClO/TEMPO/KBr was applied at the end of

the treatment to form the stable lactone products 22a and 21. Preliminary results demonstrated that TiCl4 exhibited

obvious superiority to facilitate the proposed ynol-diene cyclization, which led to the formation of expected 22a in

38% yield without the observation of 21. We speculated that, due to the ring strain existing in the seven-membered

transition state, the intramolecular Prins reaction of the ketenium cation 19 could be a difficult process. With the

purpose to improve the cyclization’s efficiency, we anticipated that a bulky substituent on titanium could increase the

stability of the active ketenium cation by preventing the nucleophilic attack outside. Therefore, the in-situ prepared

Ti(OiPr)Cl317 was checked. To our delight, the generation of 22a was improved to 45% yield. Further examinations

with Ti(OiPr)2Cl2 and Ti(OCH(iPr)2)Cl3 didn’t give better results. To this point, we have succeeded in the development

of a novel ynol-diene cyclization as a new access to tropone unit.18 The reduction of 22a readily accomplished the

enantioselective total synthesis of (+)-3-deoxyfortalpinoid F (4). It is noteworthy that the RCM/elimination protocol

applied in our previous synthesis of (+)-4 required 10 steps from a similar precursor 15c. As the result, this novel ynol-

diene cyclization significantly improved the synthetic efficiency of (+)-4. Then, we turned our attention to total

synthesis of (+)-harringtonolide (1), one of the most bio-active members of Cephalotaxus diterpenoids. The ynol-diene

cyclization of 13b was executed under the treatment of Ti(OiPr)Cl3. Pleasingly, the expected tropone product 22b was

obtained in 41% yield after the one-pot oxidation treatment. Besides, the treatment of 13b with TiCl4 delivered 22b in

35% yield, which demonstrated concordance with the enhancement of the ynol-diene cyclization by bulky substituent

on titanium. Subsequently, 22b was submitted to the reduction with t-BuNH2·BH3 and AgBF4 promoted formation of F

ring, which readily accomplished the total synthesis of (+)-harringtonolide (1).

Scheme 2. Divergent synthesis of (−)-fortalpinoids M/N/P and analog (−)-20-deoxycephinoid P through
bioinspired stereoselective dual hydrogenation.
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As a category of 17-nor-cephalotane diterpenoids, tropone-free 17-nor-cephalotane diterpenoids are featured with

lower oxidation state on the seven-membered A ring. To date, there is only one successful synthesis report on these

Cephalotaxus diterpenoids. Inspired by the biosynthetic proposal on partial reduction of the tropone unit, we

commenced exploration of the reduction of 22a, which could establish a new pathway to (−)-fortalpinoid P (9).

Notably, the stereocenters on C8 and C12 require precise site-selectivity and stereoselectivity of the reduction of the
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tropone unit. In this regard, we anticipated that heterogeneous catalytic dual hydrogenation could be a favorable

pathway to reduce the tropone A ring in 22a from the convex side, which could lead to the construction of the expected

stereocenters on C8 and C12. Although the heterogeneous catalytic hydrogenation of tropone unit is known,19 the site-

selectivity and stereoselectivity in this case is still challenging. To our surprise, the employment of Pd(OH)2/C

facilitated the dual hydrogenation of 22a smoothly. Our anticipation is that, due to the electron-withdrawing effect

from two conjugated carbonyl groups, the C8-C15 double bond in 22a could be hydrogenated preferentially, giving 23

as the intermediate. Subsequently, the stereoselective hydrogenation of C12-C13 double bond in 23 completed the total

synthesis of (−)-9 with expected C8-C15/C12-C13 site-selectivity and C8/C12 stereoselectivity. The reduction of (−)-9

then completed synthesis of (−)-fortalpinoid M (7) and (−)-fortalpinoid N (8), as reported in Gao’s approach to

tropone-free 17-nor-cephalotane diterpenoids.8c Stimulated by the curiosity, we carried out the bioinspired

stereoselective dual hydrogenation of (+)-1. To our surprise, with the completion in few minutes at 0 ℃, the

hydrogenation of (+)-1 proceeded much faster than that of 22a, affording (−)-20-deoxycephinoid P (25) as an analog of

(−)-cephinoid P (11). Our speculation is that the tropone ring in (+)-1 could be significantly activated by the ring strain

delivered from the adjacent THF ring. In the beginning, the intermediate 24 could be generated through the

stereoselective dual hydrogenation. Then, the ring strain will promote the subsequent reductive THF ring-opening to

generate (−)-25 in the end.

In summary, a divergent synthetic approach to both categories of 17-nor-cephalotane diterpenoids has been

successfully developed for the first time. And the concise and enantioselective total synthesis of (+)-3-

deoxyfortalpinoid F, (+)-harringtonolide, (−)-fortalpinoids M/N/P and analog (−)-20-deoxycephinoid P have been

accomplished in 14-17 linear longest steps starting from commercially available materials, which could facilitate

further assessment of their pharmaceutical potentials. The salient features of the synthetic route include (1) an

unprecedented ynol-diene cyclization to construct the tropone unit in decent efficiency, and (2) the bioinspired

stereoselective dual hydrogenation to achieve expected site-selectivity and stereoselectivity. Further application of the

developed ynol-diene cyclization is currently underway in our laboratory.

AUTHOR INFORMATION

Corresponding Author

Xiangdong Hu − Key Laboratory of Synthetic and Natural Functional Molecule Chemistry of Ministry of

Education of China, College of Chemistry & Materials Science, Northwest University, Xi’an 710127, China;

orcid.org/0000-0002-8644-6454; Email: xiangdonghu@nwu.edu.cn.

Authors

Zezhong Sun − College of Chemistry & Materials Science, Northwest University, Xi’an 710127, China;

orcid.org/0009-0007-6331-4954

Xin Shu − College of Chemistry & Materials Science, Northwest University, Xi’an 710127, China

Fuli Ma − College of Chemistry & Materials Science, Northwest University, Xi’an 710127, China

Ao Li − College of Chemistry & Materials Science, Northwest University, Xi’an 710127, China

Yali Li − College of Chemistry & Materials Science, Northwest University, Xi’an 710127, China

Shuang Jin − College of Chemistry & Materials Science, Northwest University, Xi’an 710127, China

YunxiaWang − College of Chemistry & Materials Science, Northwest University, Xi’an 710127, China;

https://doi.org/10.26434/chemrxiv-2024-85cxs ORCID: https://orcid.org/0000-0002-8644-6454 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-85cxs
https://orcid.org/0000-0002-8644-6454
https://creativecommons.org/licenses/by-nc-nd/4.0/


6

orcid.org/0000-0002-8431-6605

Author Contributions

† Z. S. and X. S. contributed equally to this work.

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENT

We are grateful for financial support from the National Natural Science Foundation of China (22071192, 21772153)

and Science and Technology Department of Shaanxi Province (2019JM-151).

REFERENCES

(1) Buta, J. G.; Flippen, J. L.; Lusby, W. R. Harringtonolide, a Plant Growth Inhibitory Tropone from Cephalotaxus

harringtonia (Forbes) K. Koch. J. Org. Chem. 1978, 43, 1002−1003.

(2) (a) Sun, N.-J.; Xue, Z.; Liang, X.-T.; Huang, L. Studies on the Structure of a New Antitumor Agent-Hainanolide.

Acta Pharm. Sin. 1979, 14, 39−44. (b) Sasse, J. M.; Rowan, K. S.; Galbraith, M. N. Distribution of Podolactone-Type

Plant Growth Inhibitors in the Coniferae. Phytochemistry 1981, 20, 2195−2204. (c) Kang, S.; Cai, S.; Teng, L. The

Antiviral Effect of Hainanolide, a Compound Isolated from Cephalotaxus Hainanensis. Acta Pharm. Sin. 1981, 16,

867−868. (d) Han, J. Traditional Chinese Medicine and the Search for New Antineoplastic Drugs. J. Ethnopharmacol.

1988, 24, 1−17. (e) Du, J.; Chiu, M.-H.; Nie, R.-L. Two New Lactones from Cephalotaxus fortunei var. alpnia. J. Nat.

Prod. 1999, 62, 1664−1665. (f) Yoon, K. D.; Jeong, D. G.; Hwang, Y. H.; Ryu, J. M.; Kim, J. Inhibitors of Osteoclast

Differentiation from Cephalotaxus koreana. J. Nat. Prod. 2007, 70, 2029−2032. (g) Ni, G.; Zhang, H.; Fan, Y.-Y.; Liu,

H.-C.; Ding, J.; Yue, J.-M. Mannolides A−C with an Intact Diterpenoid Skeleton Providing Insights on the

Biosynthesis of Antitumor Cephalotaxus Troponoids. Org. Lett. 2016, 18, 1880−1883. (h) Xu, J.-B.; Fan, Y.-Y.; Gan,

L.-S.; Zhou, Y.-B.; Li, J.; Yue, J.-M. Cephalotanins A−D, Four Norditerpenoids Represent Three Highly Rigid Carbon

Skeletons from Cephalotaxus sinensis. Chem. Eur. J. 2016, 22, 14648−14654. (i) Zhao, J.-X.; Fan, Y.-Y.; Xu, J.-B.;

Gan, L.-S.; Xu, C.-H.; Ding, J.; Yue, J.-M. Diterpenoids and Lignans from Cephalotaxus fortunei. J. Nat. Prod. 2017,

80, 356−362. (j) Fan, Y.-Y.; Xu, J.-B.; Liu, H.-C.; Gan, L.-S.; Ding, J.; Yue, J.-M. Cephanolides A−J, Cephalotane-

Type Diterpenoids from Cephalotaxus sinensis. J. Nat. Prod. 2017, 80, 3159−3166. (k) Ni, L.; Zhong, X.-H.; Chen,

X.-J.; Zhang, B.-J.; Bao. M.-F.; Cai, X.-H. Bioactive Norditerpenoids from Cephalotaxus fortunei var. alpina and C.

lanceolata. Phytochemistry 2018, 151, 50−60. (l) Ge, Z.-P.; Liu, H.-C.; Wang, G.-C.; Liu, Q.-F.; Xu, C.-H.; Ding, J.;

Fan, Y.-Y.; Yue, J.-M. 17-nor-Cephalotane-Type Diterpenoids from Cephalotaxus fortunei. J. Nat. Prod. 2019, 82,

1565−1575. (m) Zhao, C.-X.; Li, B.-Q.; Shao, Z.-X.; Li, D.-H.; Jing, Y.-K.; Li, Z.-L.; Hua, H.-M. Cephasinenoside A,

a new cephalotane diterpenoid glucoside from Cephalotaxus sinensis. Tetrahedron Lett. 2019, 60, 151154. (n) Li, Y.;

Wang, Y.; Shao, Z.; Zhao, C.; Jing, Q.; Li, D.; Lin, B.; Jing, Y.; Li, Z.; Hua, H. Diterpenoids from Cephalotaxus

fortunei var. alpina and Their Cytotoxic Activity. Bioorg Chem. 2020, 103, 104226. (o) Huang, Q.-P.; Guo, K.; Liu, Y.;

Liu, Y.-C.; Li, W.-Y.; Geng, H.; Wang, Y.; Li, S.-H. Diterpenoids and Flavonoids from the Twigs of Cephalotaxus

fortunei var. alpina. Chem. Biodiversity 2020, 17, e2000210. (p) Ge, Z.-P.; Fan, Y.-Y.; Deng, W.-D.; Zheng, C.-Y.; Li,

T.; Yue, J.-M. Cephalodiones A−D: Compound Characterization and Semisynthesis by [6+6] Cycloaddition. Angew.

Chem., Int. Ed. 2021, 60, 9374−9378. (q) Jiang, C.; Xue, J.; Yuan, Y.; Li, Y.; Zhao, C.; Jing, Q.; Zhang, X.; Yang, M.;

https://doi.org/10.26434/chemrxiv-2024-85cxs ORCID: https://orcid.org/0000-0002-8644-6454 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-85cxs
https://orcid.org/0000-0002-8644-6454
https://creativecommons.org/licenses/by-nc-nd/4.0/


7

Han, T.; Bai, J.; Li, Z.; Li, D.; Hua, H. Progress in Structure, Synthesis and Biological Activity of Natural Cephalotane

Diterpenoids. Phytochemistry 2021, 192, 112939. (r) Ge, Z.-P.; Zhou, B.; Zimbres, F. M.; Haney, R. S.; Liu, Q.-F.; Wu,

Y.; Cassera, M. B.; Zhao, J.-X.; Yue, J.-M. Cephalotane-type C20 Diterpenoids from Cephalotaxus fortunei var. alpina.

Org. Biomol. Chem. 2022, 20, 9000−9009. (s) Ge, Z.-P.; Xu, J.-B.; Zhao, P.; Xiang, M.; Zhou, Y.; Lin, Z.-M.; Zuo, J.-

P.; Zhao, J.-X.; Yue, J.-M. Highly Modified Cephalotane-Type Diterpenoids from Cephalotaxus fortunei var. alpina

and C. sinensis. Phytochemistry 2024, 221, 114038. (t) Zhao, J.-X.; Ge, Z.-P.; Yue, J.-M. Cephalotane Diterpenoids:

Structural Diversity, Biological Activity, Biosynthetic Proposal, and Chemical Synthesis. Nat. Prod. Rep. 2024, DOI:

10.1039/d3np00067b.

(3) Evanno, L.; Jossang, A.; Nguyen-Pouplin, J.; Delaroche, D.; Herson, P.; Seuleiman, M.; Bodo, B.; Nay, B.

Further Studies of the Norditerpene (+)-Harringtonolide Isolated from Cephalotaxus harringtonia var. drupacea:

Absolute Configuration, Cytotoxic and Antifungal Activities. Planta Med. 2008, 74, 870−872.

(4) (a) Rogers, D. H.; Morris, J. C.; Roden, F. S.; Frey, B.; King, G. R.; Russkamp, F.-W.; Bell, R. A.; Mander, L. N.

The Development of More Efficient Syntheses of Polycyclic Diterpenes through Intramolecular Cyclopropanation of

Aryl Rings in Diazomethyl Ketones. Pure Appl. Chem. 1996, 68, 515−522. (b) Frey, B.; Wells, A. P.; Rogers, D. H.;

Mander, L. N. Synthesis of the Unusual Diterpenoid Tropones Hainanolidol and Harringtonolide. J. Am. Chem. Soc.

1998, 120, 1914−1915.

(5) Zhang, M.; Liu, N.; Tang, W. Stereoselective Total Synthesis of Hainanolidol and Harringtonolide via

Oxidopyrylium-Based [5 + 2] Cycloaddition. J. Am. Chem. Soc. 2013, 135, 12434−12438.

(6) (a) Zhang, H.-J.; Hu, L.; Ma, Z.; Li, R.; Zhang, Z.; Tao, C.; Cheng, B.; Li, Y.; Wang, H.; Zhai, H. Total Synthesis

of the Diterpenoid (+)-Harringtonolide. Angew. Chem., Int. Ed. 2016, 55, 11638−11641. (b) Ao, Q.; Zhang, H.-J.;

Zheng, J.; Chen, X.; Zhai, H. Asymmetric Total Synthesis of (+)-Mannolide C. Angew. Chem., Int. Ed. 2021, 60,

21267−21271. (c) Qing, Z.; Mao, P.; Wang, T.; Zhai, H. Asymmetric Total Syntheses of Cephalotane-Type

Diterpenoids Cephanolides A−D. J. Am. Chem. Soc. 2022, 144, 10640−10646.

(7) (a) Xu, L.; Wang, C.; Gao, Z.; Zhao, Y.-M. Total Synthesis of (±)-Cephanolides B and C via a Palladium-

Catalyzed Cascade Cyclization and Late-Stage sp3 C−H Bond Oxidation. J. Am. Chem. Soc. 2018, 140, 5653−5658. (b)

Shao, H.; Ma, Z.-H.; Cheng, Y.-Y.; Guo, X.-F.; Sun, Y.-K.; Liu, W.-J.; Zhao, Y.-M. Bio-inspired Total Synthesis of

Cephalotaxus Diterpenoids and Their Structural Analogues. Angew. Chem., Int. Ed. 2024, 63, e202402931.

(8) (a) Zhang, H.; He, H.; Gao, S. Asymmetric Total Synthesis of Cephanolide A. Angew. Chem., Int. Ed. 2020, 59,

20417−20422. (b) Zhang, H.; He, H.; Gao, S. Asymmetric Total Synthesis of Cephanolide B. Org. Chem. Front. 2021,

8, 555−559. (c) Wang, H.; Liu, Y.; Zhang, H.; Yang, B.; He, H.; Gao, S. Asymmetric Total Synthesis of Cephalotaxus

Diterpenoids: Cephinoid P, Cephafortoid A, 14-epi-Cephafortoid A and Fortalpinoids M-N, P. J. Am. Chem. Soc.

2023, 145, 16988–16994.

(9) (a) Haider, M.; Sennari, G.; Eggert, A.; Sarpong, R. Total Synthesis of the Cephalotaxus Norditerpenoids (±)-

Cephanolides A−D. J. Am. Chem. Soc. 2021, 143, 2710−2715. (b) Sennari, G.; Gardner, K. E.; Wiesler, S.; Haider, M.;

Eggert, A.; Sarpong R. Unified Total Syntheses of Benzenoid Cephalotane-Type Norditerpenoids: Cephanolides and

Ceforalides. J. Am. Chem. Soc. 2022, 144, 19173–19185. (c) Wiesler, S.; Sennari, G.; Popescu, M. V.; Gardner, K. E.;

Aida, K.; Paton, R. S.; Sarpong, R. Late-Stage "Benzenoid-to-Troponoid" Skeletal Modification of the Cephalotanes:

Total Synthesis of Harringtonolide and Computational Analysis. ChemRxiv. 2024; doi:10.26434/chemrxiv-2024-

v0670.

https://doi.org/10.26434/chemrxiv-2024-85cxs ORCID: https://orcid.org/0000-0002-8644-6454 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-85cxs
https://orcid.org/0000-0002-8644-6454
https://creativecommons.org/licenses/by-nc-nd/4.0/


8

(10) Lu, Y.; Xu, M.-M.; Zhang, Z.-M.; Zhang, J.; Cai, Q. Catalytic Asymmetric Inverse-Electron-Demand Diels-

Alder Reactions of 2-Pyrones with Indenes: Total Syntheses of Cephanolides A and B. Angew. Chem., Int. Ed. 2021, 60,

26610−26615.

(11) Li, A.; He, Z.; Liu, B.; Yang, Z.; Zhang, Z. Stereoselective Synthesis of (±)-Cephanolide B. Org. Lett. 2021, 23,

9237−9240.

(12) Zhang, Z.-A.; Gan, X.-C.; Tian, G.; Shi, X.-Y.; Qin, C.; Wang, J. Total Synthesis of Cephanolide A and

Harringtonolide: A Unified Strategy Connecting Benzenoid and Troponoid Cephalotaxus Diterpenoids. ChemRxiv.

2024; doi:10.26434/chemrxiv-2024-rp8s5.

(13) (a) Ren, Z.; Sun, Z.; Li, Y.; Fan, X.; Dai, M.; Wang, Y.; Hu, X. Total Synthesis of (+)-3-Deoxyfortalpinoid F,

(+)-Fortalpinoid A, and (+)-Cephinoid H. Angew. Chem., Int. Ed. 2021, 60, 18572−18576. (b) Chen, C.-C.; Ren, Z.;

Sun, Z.; Sun, Z.; Shu, X.; Wang, Y.; Hu, X. Construction of Tetracyclic Core Skeleton of Cephalotaxus Diterpenoids

through Diastereoselective Pauson-Khand Reaction. 2022, 2022, e202101430. (c) Sun, Z.; Fan, X.; Sun, Z.; Li, Z.; Niu,

L.; Guo, H.; Ren, Z.; Wang, Y.; Hu, X. Total Synthesis of (−)-Ceforalide B and (−)-Cephanolides B−D. Org. Lett. 2022,

24, 7507−7511. (d) Sun, Z.; Jin, S.; Song, J.; Niu, L.; Zhang, F.; Gong, H.; Shu, X.; Wang, Y.; Hu, X. Enantioselective

Total Synthesis of (–)-Cephalotanin B. Angew. Chem., Int. Ed. 2023, 62, e202312599.

(14) He, Y.-R.; Shen, Y.-H.; Shan, L.; Yang, X.; Wen, B.; Ye, J.; Yuan, X.; Li, H.-L.; Xu, X.-K.; Zhang, W.-D.

Diterpenoid lanceolatins A–G from Cephalotaxus lanceolata and their anti-inflammatory and antitumor activities. RSC

Adv., 2015, 5, 4126–4134.

(15) Myers, A. G.; Tom, N. J.; Fraley, M. E.; Cohen, S. B.; Madar, D. J. A Convergent Synthetic Route to (+)-

Dynemicin A and Analogs of Wide Structural Variability. J. Am. Chem. Soc. 1997, 119, 6072–6094.

(16) Oguro, D.; Mori, N.; Takikawa, H.; Watanabe, H. A Novel Synthesis of (–)-Callicarpenal. Tetrahedron 2018,

74, 5745–5751.

(17) Solsona, J. G.; Nebot, J.; Romea, P.; Urpí, F. Highly Stereoselective Aldol Reaction Based on Titanium

Enolates from (S)-1-Benzyloxy-2-methyl-3-pentanone. J. Org. Chem. 2005, 70, 6533–6536.

(18) For a review on synthesis of tropones, please see: Liu, N.; Song, W.; Schienebeck, C. M.; Zhang, M.; Tang, W.

Synthesis of Naturally Occurring Tropones and Tropolones. Tetrahedron 2014, 70, 9281–9305.

(19) For selected reports on heterogeneous catalytic hydrogenation of tropones, please see: (a) Dumont, R.; Brossi,

A.; Chignell, C. F.; Quinn, F. R.; Suffness, M. A Novel Synthesis of Colchicide and Analogs from Thiocolchicine and

Congeners: Reevaluation of Colchicide as a Potential Antitumor Agent. J. Med. Chem. 1987, 30, 732–735. (b)

Albrecht, U.; Nguyen, T. H. V.; Langer, P. Synthesis of 4,5-Benzotropones by Cyclization of 1,3-Bis-Silyl Enol Ethers

with 1,2-Dialdehydes. J. Org. Chem. 2004, 69, 3417–3424. (c) Gawaskar, S.; Schepmann, D.; Bonifazi, A.; Wünsch, B.

Synthesis, GluN2B Affinity and Selectivity of Benzo[7]annulen-7-Amines. Bioorg. Med. Chem. 2014, 22, 6638–6646.

https://doi.org/10.26434/chemrxiv-2024-85cxs ORCID: https://orcid.org/0000-0002-8644-6454 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-85cxs
https://orcid.org/0000-0002-8644-6454
https://creativecommons.org/licenses/by-nc-nd/4.0/

