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Abstract: The report presents data on our studies on the preparation of the precursor lembehyne A 

and the complete stereoselective synthesis of natural lembehynes B and C, which have cytotoxic 

and neuritogenic activity. All methods and approaches to the synthesis of the above-mentioned 

lembehynes presented in the report are based on the use of the catalytic cross-cyclomagnesiation of 

1,2-dienes (Dzhemilev reaction) at the key stage of the synthesis. 
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1. Introduction 

To date, a wide range of unique molecules have been isolated from marine organ-

isms, and some of them are used as drug candidates and reagents for biomedical research 

[1–4]. Sponges have been recognized as the richest sources of biologically active com-

pounds among marine invertebrates, and their metabolites are diverse in structure, many 

have antibacterial, antiviral, antifungal, antimalarial, anthelmintic, immunosuppressive, 

muscle relaxant and anti-inflammatory activity. Currently, there is a steady increase in 

the drug resistance of microorganisms, so the search and development of new pharma-

ceuticals is the most important task. Some compounds derived from sea sponges are un-

dergoing preclinical and clinical trials as agents against cancer, microbial infections, and 

inflammation; however, the development of drugs based on them is very difficult due to 

the low content of the corresponding compounds in sponge tissues [5–8]. 

Among the wide variety of compounds found in sea sponges, acetylenic alcohols 

lembehynes A, B, C are of particular interest. Lembehyne A has been shown to exhibit 

neuritogenic activity against pheochromacetoma PC12 and neuroblastoma Neuro 2A 

cells. These data allow us to consider natural acetylenic alcohols as the basis for the de-

velopment of modern drugs for the treatment of such neurodegenerative diseases as Alz-

heimer’s disease, Parkinson’s disease, and Huntington’s chorea. Meanwhile, the inacces-

sibility and lack of effective methods for the synthesis of natural lembehynes are a signif-

icant constraint for a detailed study of their properties and the full disclosure of their bio-

medical potential [6–12]. 
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An analysis of the structure of lembehynes and known approaches to their complete 

synthesis showed that the most complex and multistage stage is the stage of stereoselec-

tive formation of the 1Z,5Z diene fragment in lembehyne molecules. Thus, during the im-

plementation of the complete 11-stage synthesis of lembehyne A, 6 stages were spent to 

obtain the key synthon, 4Z,8Z-pentacose-4,8-dien-1-ol.  

Based on the literature data, the most common and popular approaches to the for-

mation of the 1Z,5Z-diene fragment are methods based on the use of the Wittig reaction, 

alkene metathesis, alkyne alkylation, and stereoselective reduction of 1,5-diynes.  

Previously, we developed new Ti-catalyzed reactions of homo- and cross-cyclomag-

nesiation of 1,2-dienes using Grignard reagents (Scheme 1), which were successfully used 

in the strictly stereoselective synthesis of 1Z,5Z-dienes of a given structure, giant macro-

carbocycles, as well as natural 5Z,9Z-dienic acids, which exhibit antitumor activity accord-

ing to the following scheme [13–25]. 

 

Scheme 1. Ti-catalyzed homo- and cross-cyclomagnesiation of 1,2-dienes. 

2. Results and Discussion 

Based on our previous results [13–16], we put forward the idea of the possibility of 

using the cross-cyclomagnesiation reaction of O-containing and aliphatic allenes in the 

synthesis of neuritogenic acetylenic alcohols, lembehynes A, B and C.  

We have carried out the synthesis of the key monomer of lembehyne A, (4Z,8Z)-pen-

tacose-4,8-dien-1-ol, by the reaction of cross-cyclomagnesiation of 1,2-nonadecadiene (1) 

with 4,5-hexadienol tetrahydropyran ester (2) with EtMgBr in the presence of metallic Mg 

(a halogen ion acceptor) and a Cp2TiCl2 catalyst (10 mol %) to give the intermediate mag-

nesacyclopentane (3), the subsequent hydrolysis of which gives (4Z,8Z)-pentacose-4,8-

dien-1-ol tetrahydropyran ester (4) with a yield of 89% (Scheme 2). Refluxing of tetrahy-

dropyran ester 4 in a MeOH–CHCl3 (1:1) mixture in the presence of p-TsOH leads to the 

target (4Z,8Z)-pentacose-4,8-dien-1-ol (5) with a total yield of ~70%. As a result, unsatu-

rated alcohol (5) can later be used in the complete synthesis of lembehyne A. 
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Scheme 2. Short synthesis of (4Z,8Z)-pentacose-4,8-dien-1-ol (5)-a key synthon in the preparation of 

lembehyne A. 

As a follow-up to these studies, an original scheme for the complete stereoselective 

synthesis of natural lembehyne B was developed for the first time catalyst Cp2TiCl2 (10 

mol %) to give magnesacyclopentane (7a), hydrolysis of which gives (13Z,17Z)-tetraconta-

13,17-dienol tetrahydropyran ester (8) in 88% yield. Successive reactions of deprotection 

of tetrahydropyranyl protection and oxidation of unsaturated alcohol (9) with Dess-Mar-

tin periodinane led to the key monomer (13Z,17Z)-tetraconta-13,17-dienal (10) in ~64% 

yield in two stages (Scheme 3). 

 

Scheme 3. Ti-catalyzed cross-cyclomagnetization of aliphatic and O-containing 1,2-dienes in the 

synthesis of (13Z,17Z)-tetraconta-13,17-dienal (10). (a) EtMgBr, Mg, Cp2TiCl2, Et2O, rt; (b) H+; (c) p-

TsOH, MeOH/CHCl3, 77%; (d) Dess-Martin periodinane, THP, rt, 83%. 

We have also developed an alternative approach to the synthesis of the key monomer 

in the preparation of lembehyne B. Cross-cyclomagnesiation of 1,2-nonadecadiene (1) 

with using EtMgBr in the presence of metallic Mg (halogen ion acceptor) and catalytic 

amounts of Cp2TiCl2 (10 mol.%) (1:6b:EtMgBr:Mg:[Ti] = 12:10:30:20:0.1, Et2O, 20–22 °C, 

7h) leads to magnesacyclopentane (7b), acid hydrolysis of which gives (13Z,17Z)-

tetraconta-13,17-dienal (10) in a single preparative step in ~77% yield (Scheme 3).  

Thus, the yield of (13Z,17Z)-tetracont-13,17-dienal was 64% by the first route and 77% 

by the second. At the final stage in the complete synthesis of lembehyne B, aldehyde (10) 

was reacted with lithium trimethylsilylacetylenide, which was preliminarily prepared by 

the reaction of equimolar amounts of trimethylsilylacetylene with n-BuLi in THF. After 

keeping the reaction mixture for 3 days at room temperature, silane (11) was obtained 

with a yield of 90%. Removal of trimethylsilyl protection with tetrabutylammonium flu-

oride (TBAF) in THF in 4 hours allows to obtain racemic lembehyne B (14) in almost quan-

titative yield (Scheme 4). 
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Scheme 4. Synthesis of natural lembehyne B. (a) Lithiumtrimethylsilylacetylenide, THF, rt, 90%; (b) 

TBAF, THF, rt, 99%; (c) Dess-Martinperiodinane, THF, rt, 86%; (d) Alpine-borane, THF, rt, 84%. 

Subsequently, starting from racemic lembehyne B, we synthesized its natural stereo-

isomer with the 3R configuration of the hydroxyl group at the C-3 carbon atom. Thus, 

oxidation of alkynol (12) with Dess-Martin periodinane in CH2Cl2 at room temperature 

for 1 hour yielded (15Z,19Z)-hexaconta-15,19-dien-1-yl-3-one (13) with a yield of 86% 

(Scheme 4). Stereoselective reduction of ketone (13) was carried out using the reagent B-

3-pinanyl-9-borabicyclo[3.3.1]nonane (Alpine-borane), previously prepared from (+)-α-

pinene (98%ee) and 9-borabicyclo[3.3.1]nonane. As a result, lembehyne B (14) was ob-

tained with a yield of 84% and an enantiomeric purity (95%ee).  

We were the first to carry out the complete synthesis of racemic (±)lembehyne C and 

stereoisomerically pure (ee) lembehyne using the cross-cyclomagnesiation reaction of tri-

cose-1,2,6Z-triene with 2-dodeca-10,11-diene-1-yl-1,3-dioxalane or 11,12-tridecadien-1-ol 

ester with EtMgBr in the presence of a Cp2TiCl2 catalyst. First, by the reaction of intermo-

lecular cross-cyclomagnesiation of (6Z)-tricose-1,2,6-triene (10) with 2-dodeca-10,11-dien-

1-yl-1,3-dioxolane (15a) or tetrahydropyran ether 11, 12-tridecadienol (15b) with EtMgBr 

in the presence of Mg (powder) and catalytic amounts of Cp2TiCl2 

(10:15a(15b):EtMgBr:Mg:[Ti] = 12:10:36:24:0.1, Et2O, 20–22 °C, 10 h), which, after acid hy-

drolysis of magnesacyclopentanes (16a,b) formed in situ, gave aldehyde (17) and tetrahy-

dropyran ester (18) containing 1Z,5Z,9Z-diene fragments in 81 and 89% yields, respec-

tively. Ether (18) was converted into aldehyde (17) in ~64% yield by successive reactions 

of deprotection of tetrahydropyranyl protection and oxidation with Dess-Martin reagent 

(Scheme 5), which indicates the preference for the synthesis of aldehyde (17) via dioxalane 

(15a). 

 

Scheme 5. (Z,Z,Z)-Stereoselective Synthesis of Hexaconta-11Z,13Z,17Z-trienal (17). 

The interaction of hexaconta-11Z,13Z,17Z-triene-1-al (17) with lithium trimethylsi-

lylacetylenide, preliminarily synthesized by the reaction of equimolar amounts of trime-

thylsilylacetylene and n-BuLi in THF, in 3 days at room temperature led to the preparation 
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of silane (20) with a yield of 91%. Removal of the terminal trimethylsilyl group by treat-

ment of the silane (20) with trimethylbutylammonium fluoride (TBAF) in THF for 4 hours 

leads directly to racemic lembehyne C (21) in almost quantitative yield (Scheme 6). 

 

Scheme 6. Total Synthesis of Natural Lembehyne C (1). 

Racemic lembehyne C (21) was oxidized with Dess-Martin periodinane (CH2Cl2, r.t., 

1 h) to the corresponding ketone (22) in 87% yield (Scheme 6). At the final stage of the 

synthesis using the reagent B-3-pinanyl-9-borabicyclo[3.3.1]nonane (Alpine-borane),8 

preliminarily prepared from (+)-α-pinene (98%ee) and 9-borabicyclo[3.3.1]nonane, stere-

oselective reduction of ketone (22) to natural lembehyine C (1) was realized in 82% yield 

and enantiomeric purity (96%ee). 

The reactions developed by us made it possible to synthesize natural lembehynes B, 

C and the key precursor of lembehyne A. For the synthesized natural lembehynes B, C, 

apoptosis-inducing activity against five tumor cell lines Jurkat, K562, U937, HeLa and 

HEK293 and neuritogenic activity against cell cultures were studied in detail. PC12, PC9 

and Neuro2A. 

Experimental section, 1H and 13C NMR spectra and general procedure for all syn-

thesized compounds are presented in previously published articles [17–22]. 

3. Conclusions 

Thus, for the first time, we synthesized natural lembechins B and C and a precursor 

of lembehyne A using the cross-cyclomagnesiation reaction of aliphatic and O-containing 

1,2-dienes catalyzed by Cp2TiCl2 at the key stage of the synthesis, and also studied their 

antitumor activity using modern methods of flow cytometry and multiplex analysis. 

Author Contributions: Conceptualization, U.M.D. and L.U.D.; methodology, A.A.M.; validation, 

E.K.M., resources, E.K.M.; data curation, U.M.D.; writing—original draft preparation, E.K.M., 

A.A.M.; writing—review and editing, U.M.D. and L.U.D.; visualization, E.K.M.; supervision, 

U.M.D.; project administration, A.A.M.; funding acquisition, A.A.M. All authors have read and 

agreed to the published version of the manuscript. 

Funding: The work was done within approved plans for research projects at the IPC RAS State 

Registration No. FMRS-2022-0075. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement:  

Acknowledgments: The structural studies of the synthesized compounds were performed with the 

use of Collective Usage Centre “Agidel” at the Institute of Petrochemistry and Catalysis of RAS. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Newman, D.J.; Hill, R.T. New drugs from marine microbes: The tide is turning. J. Ind. Microbiol. Biotechnol. 2006, 33, 539–544. 

https://doi.org/10.1007/s10295-006-0115-2. 

2. Folmer, F.; Houssen, W.E.; Scott, R.H.; Jaspars, M. Biomedical research tools from the seabed. Curr. Opin. Drug Discov. Dev. 

2007, 10, 145. 



Chem. Proc. 2022, 4, x FOR PEER REVIEW 6 of 6 
 

 

3. Dembitsky, V.M.; Levitsky, D.O.; Gloriozova, T.A.; Poroikov, V.V. Acetylenic Aquatic Anticancer Agents and Related Com-

pounds. Nat. Prod. Commun. 2006, 1, 773–811. 

4. Nathalie, L.; Fahmi, E.M.; Mohamed, M.; Philippe, A. Marine Polyacetylenes: Distribution. Biol. Prop. Synth. Stud. Nat. Prod. 

Chem. 2015, 45, 251–195. https://doi.org/10.1016/B978-0-444-63473-3.00008-3. 

5. Anjum, K.; Abbas, S.Q.; Ali Shah, S.A.; Akhter, N.; Batool, S.; Hassan, S.S. Marine Sponges as a Drug Treasure. Biomol. Ther. 

2016, 24, 347–362. 

6. Mayer, A.M.S.; Hamann, M.T. Marine Pharmacology in 2000: Marine Compounds with Antibacterial, Anticoagulant, Antifun-

gal, Anti-inflammatory, Antimalarial, Antiplatelet, Antituberculosis, and Antiviral Activities; Affecting the Cardiovascular, Im-

mune, and Nervous Systems and Other Miscellaneous Mechanisms of Action. Mar. Biotechnol. 2004, 6, 37–52. 

7. Zhou, Z.-F.; Menna, M.; Cai, Y.-S.; Guo, Y.-W. Polyacetylenes of marine origin: Chemistry and bioactivity. Chem. Rev. 2015, 115, 

1543–1596. 

8. Watanabe, K.; Tsuda, Y.; Hamada, M.; Omori, M.; Mori, G.; Iguchi, K.; Naoki, H.; Fujita, T.; Van Soest, R.W.M. Acetylenic 

Strongylodiols from a Petrosia (Strongylophora) Okinawan Marine Sponge. J. Nat. Prod. 2005, 68, 1001–1005. 

9. Dembitsky, V.M. Anticancer Activity of Natural and Synthetic Acetylenic Lipids. Lipids. 2006, 41, 883–924. 

10. Aoki, S.; Matsui, K.; Tanaka, K.; Satari, R.; Kobayashi, M. Lembehyne A, a Novel Neuritogenic Polyacetylene, from a Marine 

Sponge of Haliclona sp. Tetrahedron 2000, 56, 9945–9948. 

11. Aoki, S.; Matsui, K.; Takata, T.; Hong, W.; Kobayashi, M. Lembehyne A, a Spongean Polyacetylene, Induces Neuronal Differ-

entiation in Neuroblastoma Cell. Biochem. Biophys. Res. Commun. 2001, 289, 558–563. 

12. Aoki, S.; Matsui, K.; Wei, H.; Murakami, N.; Kobayashi, M. Structure–activity relationship of neuritogenic spongean acetylene 

alcohols, lembehynes. Tetrahedron 2002, 58, 5417–5422. 

13. D’yakonov, V.A.; Makarov, A.A.; Dzhemilev, U.M. Synthesis of gigantic macrocyclic polyketones through catalytic cyclomet-

alation of cycloalkynes. Tetrahedron 2010, 66, 6685–6688. 

14. D’yakonov, V.А.; Makarov, A.A.; Makarova, E.K.; Khalilov, L.М.; Dzhemilev, U.М. Cyclomagnesiation of N-containing 1,2-

dienes with Grignard reagents catalyzed by Cp2TiCl2. J. Org. Chem. 2012, 48, 357–361. 

15. D’yakonov, V.А.; Makarov, A.A.; Makarova, E.K.; Tumkina, T.V.; Dzhemilev, U.M. Synthesis and transformations of metal-

lacycles. Message 39. Zr-catalyzed cyclomagnesiation of N-containing allenes. Russ. Chem. Bull. 2012, 1, 156–162. 

16. D’yakonov, V.А.; Makarov, A.A.; Makarova, E.K.; Khalilov, L.М.; Dzhemilev, U.М. Synthesis and transformations of metal-

lacycles. Message 41. Cyclomagnesiation of O-containing 1,2-dienes by Grignard reagents in the presence of Cp2TiCl2. Russ. 

Chem. Bull. 2012, 10, 1928–1934. 

17. D’yakonov, V.А.; Dzhemilev, U.М.; Makarov, A.A.; Andreev, E.N.; Dzhemileva, L.U.; A short and efficient route for the syn-

thesis of lembehyne B with neuritogenic activity. J. Org. Chem. 2016, 52, 1850–1852. https://doi.org/10.1134/S107042801612023X. 

18. Dzhemileva, L.U.; D’yakonov, V.A.; Makarov, A.A.; Andreev, E.N.; Yunusbaeva, M.M.; Dzhemilev, U.M. The first total synthe-

sis of the marine acetylenic alcohol, lembehyne B − a selective inducer of early apoptosis in leukemia cancer cells. Org. Biomol. 

Chem. 2017, 15, 470–476. https://doi.org/10.1039/C6OB02346K. 

19. D’yakonov, V.А.; Makarov, A.A.; Dzhemileva, L.U.; Andreev, E.N.; Dzhemilev, U.М. The first total synthesis of Lembehyne В. 

Mendeleev Commun. 2017, 27, 122–124. https://doi.org/10.1016/j.mencom.2017.03.004. 

20. D’yakonov, V.А.; Makarov, A.A.; Dzhemileva, L.U.; Andreev, E.N.; Dzhemilev, U.М. Total Synthesis of Neuritogenic Alkynes: 

Lembehyne B and Key Intermediate of Lembehyne A. Chemistry Select. 2017, 2, 1211–1213. 

https://doi.org/10.1002/slct.201601988. 

21. Dzhemileva, L.U.; Makarov, A.A.; Andreev, E.N.; Yunusbaeva, M.M.; Makarova, E.K.; D’yakonov, V.A.; Dzhemilev, U.M. New 

1,3-Diynoic Derivatives of Natural Lembehyne B: Stereoselective Synthesis, Anticancer and Neuritogenic Activity. ACS Omega 

2020, 5, 1974–1981. https://doi.org/10.1021/acsomega.9b03826. 

22. D’yakonov, V.A.; Makarov, A.A.; Dzhemileva, L.U.; Andreev, E.N.; Makarova, E.K.; Dzhemilev, U.M. Total Synthesis of Natu-

ral Lembehyne C and Investigation of Its Cytotoxic Properties, J. Nat. Prod. 2020, 83, 2399–2409. 

https://doi.org/10.1021/acs.jnatprod.0c00261. 

23. D’yakonov, V.A. Dzhemilev Reaction for the Synthesis of Cyclic and Acyclic Organometallic Compounds. In Organometallic 

Compounds: Preparation, Structure and Properties; Chin, H.F., Ed.; Nova Science Publisher: New-York, NY, USA, 2010; p. 425, 

ISBN-978-1-60741-917-4. 

24. D’yakonov, V.A.; Dzhemileva, L.U.; Dzhemilev, U.M. Natural Compounds with bis-Methylene-Interrupted Z-Double Bonds: 

Plant Sources, Strategies of Total Synthesis, Biological Activity, and Perspectives. Phytochem. Rev. 2020, 20, 325–342. 

25. D’yakonov, V.A. Reactions of Al- and Mg-Organic Compounds with Alkynes and 1,2-Dienes; Lap Lambert Academic Publishing: 

2015; p. 524, ISBN 978-3-659-74774-8. 


