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Abstract: The report contains the recent data about our research on the synthesis and study of the
properties of unique natural and synthetic Z,Z-dienoic and Z,Z,Z-trienoic fatty acids exhibiting a
wide range of biological activities (antiviral, antibacterial, neuritogenic, antitumor, antiparasitic,
fungicidal). All the methods and approaches for the synthesis of the above-mentioned unsaturated
carboxylic acids presented in the report are based on the using at the key stage of the synthesis of
the catalytic cross-cyclomagnesiation of 1,2-dienes developed by the main co-authors.
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1. Introduction

57,9Z-Dienoic acids with a long hydrocarbon chain from C16 to C34, belonging to
the class of non-methylene-interrupted fatty acids, are found in trace amounts in mol-
luscs, sea sponges [1] and seeds of gymnosperms [2,3]. It is known that some representa-
tives of these acids exhibit antimalarial, antimicrobial [4], antibacterial, antileishmania,
anti-tuberculosis, and antitumor activity [5]. Earlier, several scientific groups have shown
that 57,9Z-dienoic acids are inhibitors of cell cycle enzymes—topoisomerases, catalyzing
DNA relaxation reactions during replication, regulating processes that are essential for
cell life [6-9]. In the world literature, there are no general, universal methods for the syn-
thesis of 1Z,5Z-diene compounds of high stereochemical purity, in addition, the known
methods for the synthesis of 17,5Z-dienes are multistage and the yields of the final com-
pounds vary within 5-15% [10]. Meanwhile, the low content, the complexity of the isola-
tion of individual 5Z,9Z-dienoic acids and the lack of effective methods for their synthesis
significantly hampered studies on identifying the patterns of the effect of the structure on
the manifested biological activity.

Recently, using a new reaction of catalytic cross-cyclomagnesiation of aliphatic and
O-containing 1,2-dienes at the key stage of the synthesis, we have developed an original,
stereoselective method for obtaining fatty acids containing 1Z,5Z-diene fragment in a
given position relative to the carboxyl group (Scheme 1) [7].

The developed approach made it possible to synthesize a line of 5Z,9Z-diene acids
of various lengths of the hydrocarbon chain and an acid with different positions of the
17,5Z-diene fragment relative to the carboxyl group. As a result, it was shown that the
chain length, the nature of the substituent and the position of the 1Z,5Z-diene group have
a significant effect on the inhibitory activity against topoisomerases. Thus, among the syn-
thesized acids, selective inhibitors of topoisomerase I and topoisomerase Ila were found,
as well as acids exhibiting dual inhibitory activity against topoisomerases [7-9,11,12].
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Scheme 1. Ti-Catalyzed cross-cyclomagnesiation of aliphatic and oxygenated 1,2-dienes in the
synthesis of nZ,(n + 4)Z-dienoic acids.

2. Synthesis of Synthetic Analogs of 57,9Z-Diene Acids

We have synthesized new derivatives of 5Z,9Z-dienoic acids by esterification reac-
tions of aliphatic and aromatic alcohols and carboxylic acids with (5Z,9Z)-1,14-undeca-
5,9-dienedicarboxylic acid or (5Z,9Z7)-1,14-undeca-5,9-dienediol obtained using the reac-
tion of Ti-catalyzed homo-cyclomagnesiation of tetrahydropyran ether of hepta-5,6-diene-
1-ol using Grignard reagents [13].

So, for the synthesis of the first line of 5Z,9Z-dienoic acids, at the first stage, we car-
ried out the homo-cyclomagnesiation of tetrahydropyran ester 5,6-hepta-5,6-dien-1-ol 1
using EtMgBr in the presence of magnesium and the catalyst Cp2TiCl2 (5 mol%). Acid
hydrolysis of the in situ formed magnesacyclopentane 2 gives 1,14-bis-tetrahydropyranyl-
57,9Z-diene-1,14-diol 3 in 76% yield. The latter, as a result of oxidation with the Jones
reagent, leads to (5Z,9Z)-tetradeca-5,9-dienedioic acid 4 with a yield of 57% (Scheme 3).
Subsequently, by the reaction of catalytic esterification of aliphatic and aromatic alcohols
with (5Z,9Z)-tetradeca-5,9-dienedioic acid 4 using DCC/DMAP, the target 5Z,9Z-dienoic
acids 5a-g were obtained in 69-81% yields, along with symmetric dimers 6a-g, the yield
of which does not exceed 15% (Scheme 2).

THPOMWOTHP LI THPOMOTHP _c,
3 Mg s 3 3 s
2

a

THPO(, —=— 2,
1

R-OH RO;CWCOQH
HO,C N—\WCOﬁ ; A
S :

o

d + 5a-g

4
RO;CMCOZR
1 6a-gz
R= (@) NN (e) ©/\’in
|

B) NSNS

(€) AN ()

Scheme 2. Ti-Catalyzed homo-cyclomagnesiation of oxygenated 1,2-dienes in the synthesis of
5Z,9Z-dienoic acids. (a): EtMgBr, Mg, Cp:TiClz (5 mol%), Et20; (b):H30*; (¢):H2CrOs/H2S04, ace-
tone, CH2Cl; (d) DCC/DMAP.

—

In continuation of studies in the chosen direction, we also thought it interesting to
study the influence of the orientation of the ester group in a series of synthesized analogs
of natural 5Z,9Z-diene acids on their cytotoxicity towards tumor cell lines. Therefore, an
original scheme for the synthesis of 5Z,9Z-dienoic acids was developed, including the es-
terification of carboxylic acids with (5Z,9Z)-1,14-undeca-5,9-dienediol, obtained by re-
moving the tetrahydropyran protection from ester 3 using p-TSA, CHCI3 / CH30H, at the
first stage to obtain mono-10a-f and diesters 9a-f of diol 7. Further, target acids 12a-f can
be obtained in two ways—direct oxidation of alcohols 10a-f with pyridinium dichromate
(PDC) or oxidation of tetrahydropyran esters 11a-f corresponding to alcohols 10a-f with
Jones reagent (Scheme 3).
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Scheme 3. Ti-Catalyzed homo-cyclomagnesiation of oxygenated 1,2-dienes in the synthesis of
57,9Z-dienoic acids. (a): p-TSA, CHCls/CHsOH; (b):DCC/DMAP; (c): PDC; (d): 3,4-dihydro-2H-
pyran, HCL (e) H:CrO4/H2SOs, acetone, CH2Cl.

In the development of these studies, we have developed a method for the preparation
of synthetic analogs of 5Z,9Z-diene acids based on steroids, fullerene C60 [14-19].

3. Synthesis of Natural and Synthetic Trienoic Acids Containing Bis-Methylene
Separated Z-Double Bonds

A new effective method has been developed for the synthesis of unique trienoic acids
containing in their structure 17,57,9Z-triene fragment [20], including natural ones found
in the composition of phospholipids of the sea anemone Stoichactis helianthus [21]. The
negligible content of these acids in natural objects and the difficulty of their isolation are
the main limiting factors for the study of their biomedical potential.

At the next stage, according to the scheme for the complete synthesis of 17,5Z,97-
trienoic acids developed on the basis of the retrosynthetic analysis, we carried out the
reactions of intermolecular cross-cyclomagnesiation of (6Z)-alk-1,2,6-trienes 13a-c with
tetrahydropyran ether 1,2-dienol 14 using EtMgBr in the presence of Mg (powder) and
catalytic amounts of Cp2TiClz (13a-c: 14: EtMgBr: Mg: [Ti] = 12: 10: 36: 24: 0.1, Et20, 20-22
°C, 10 h), which, after acidic hydrolysis of the in situ formed magnesacyclopentanes 15a-
¢, led to tetrahydropyran esters 16a-c containing 17,5Z,9Z-triene fragments in 81-89%
yields. At the final stage, the target acids 17a-c were obtained by oxidation of esters 16a-c
with Jones reagent in 61-64% yields (Scheme 4).
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Scheme 4. (Z,Z,7)- Stereoselective synthesis of trienoic acids.
Using the developed ideology, we have implemented original approaches to the syn-

thesis of natural and synthetic di- and triene acids, as well as studied their antitumor ac-
tivity using modern methods of flow cytometry and multiplex analysis.
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Experimental section, 1H and 13C NMR spectra and general procedure for all syn-
thesized compounds are presented in previously published articles [7-9,11-19].

4. Conclusions

Thus, we have developed new effective methods for the synthesis of natural and syn-
thetic di- and trienoic acids using at the key stage of the reaction Ti-catalyzed cross-cy-
clomagnesiation of terminal allenes (Dzhemilev reaction) with high yields and stereose-
lectivity, possessing antiviral, antitumor and antifungal activity. For the synthesized ac-
ids, the in vitro antitumor activity was assessed on Jurkat, K562, HL-60, U937 cell lines
and fibroblasts, including the determination of IC50 using flow cytometry and multiplex
analysis.

Author Contributions: Conceptualization, UM.D. and L.U.D.; methodology, A.A.M.; validation,
E.K.M.; resources, EK.M.; data curation, UM.D.; writing—original draft preparation, E.K.M.;
A.AM.,; writing—review and editing, UM.D. and L.U.D.; visualization, E.K.M.; supervision,
UM.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 financially supported by grant of Russian Foundation for Basic Research

(19-03-00603).

Acknowledgments: The authors would like to acknowledge Ministry of Science and Higher Edu-
cation of the Russian Federation for partial financial support. The work was partially done within
approved plans for research projects at the IPC RAS State Registration No. AAAA-A19-
119022290008-6 (2019-2021) and AAAA-A19-119022290007-9 (2019-2021).

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

References

1.

10.

11.

12.

Carballeira, N.M.; Emiliano, A.; Guzman, A. Facile syntheses for (5Z,9Z)-5,9-hexadecadienoic acid, (5Z,9Z)-5,9-nonadecadienoic
acid, and (5Z,9Z)-5,9-eicosadienoic acid through a common synthetic route. Chem. Phys. Lipids 1999, 100, 33-40.

Zhou, X; Shang, J.; Qin, M.; Wang, J.; Jiang, B.; Yang, H.; Zhang, Y. Fractionated Antioxidant and Anti-inflammatory Kernel
Oil from Torreya fargesii. Molecules 2019, 24, 3402, doi:10.3390/molecules24183402.

Zhanga, ].; Zhanga, S.-D.; Wanga, P.; Guoa, N.; Wanga, W.; Yaoa, L.-P.; Yangb, Q.; Efferthd, T.; Jiaoa, J.; Fu, Y.-J. Pinolenic acid
ameliorates oleic acid-induced lipogenesis and oxidative stress via AMPK/SIRT1 signaling pathway in HepG2 cells. Eur. ].
Pharmacol. 2019, 861, 172618.

Carballeira, N.M. New advances in fatty acids as antimalarial, antimycobacterial and antifungal agents. Prog. Lipid Res. 2008,
47, 50-61.

Carballeira, N.M.; Betancourt, J.E.; Orellano, E.A.; Gonzalez, F.A. Total Synthesis and Biological Evaluation of (5Z,9Z)-5,9-Hex-
adecadienoic Acid, an Inhibitor of Human Topoisomerase I. J. Nat. Prod. 2002, 65, 11, 1715-1718.

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,
doi:10.1007/s11101-020-09685-6.

D’yakonov, V.A.; Makarov, Dzhemileva, L.U.; Makarova, E. Kh., Khusnutdinova, E.K.; Dzhemilev, U.M. The facile synthesis of
the 57,9Z-dienoic acids and their topoisomerase I inhibitory activity. Chem. Commun. 2013, 49, 8401-8403.

D’yakonov, V.A.; Dzhemileva, L.U.; Makarov, A.A.; Mulyukova, A.R;; Baev, D.S.; Khusnutdinova, E.K.; Tolstikova, T.G;
Dzhemilev, U.M. 11-Phenylundeca-5Z,9Z-dienoic Acid: Stereoselective Synthesis and Dual Topoisomerase I/Ilac Inhibition.
Curr. Cancer Drug Targets 2015, 15, 504-510.

D’yakonov, V.A.; Dzhemileva, L.U.; Tuktarova, R.A.; Ishmukhametova, S.R.; Yunusbaeva, M.M.; Ramazanova, LR.; Dzhemilev,
U.M. Novel Hybrid Molecules on the Basis of Steroids and (5Z,9Z)-Tetradeca-5,9-dienoic Acid: Synthesis, Anti-Cancer Studies
and Human Topoisomerase I Inhibitory Activity. Anti-Cancer Agents Med. Chem. 2017, 17, 1126-1135.

Gu, Z.; Shan, K,; Chen, H.; Chen, Y.Q. Polyunsaturated Fatty Acids and Their Role in Cancer Chemoprevention. Curr. Pharmacol.
Rep. 2015, 1, 283-294.

D’yakonov, V.A.; Dzhemileva, L.U.; Makarov, A.A.; Mulyukova, A.R.; Baev, D.S.; Khusnutdinova, E.K.; Tolstikova, T.G;
Dzhemilev, UM. nZ,(n + 4)Z-Dienoic fatty acid: A new method for the synthesis and inhibitory action on topoisomerase I and
II a. Med. Chem. Res. 2016, 25, 30-39.

D’yakonov, V.A.; Dzhemileva, L.U.; Dzhemilev, U.M. Advances in the Chemistry of Natural and Semisynthetic Topoisomerase
I/II Inhibitors. Stud. Nat. Prod. Chem. 2017, 54, 21-86, d0i:10.1016/B978-0-444-63929-5.00002-4.


https://pubmed.ncbi.nlm.nih.gov/?term=D%27yakonov+VA&cauthor_id=25968900
https://pubmed.ncbi.nlm.nih.gov/?term=Baevd+DS&cauthor_id=25968900
https://pubmed.ncbi.nlm.nih.gov/?term=Tolstikova+TG&cauthor_id=25968900
https://pubmed.ncbi.nlm.nih.gov/?term=D%27yakonov+VA&cauthor_id=25968900
https://pubmed.ncbi.nlm.nih.gov/?term=Ramazanova+IR&cauthor_id=27928953
https://pubmed.ncbi.nlm.nih.gov/?term=D%27yakonov+VA&cauthor_id=25968900
https://pubmed.ncbi.nlm.nih.gov/?term=Baevd+DS&cauthor_id=25968900

Chem. Proc. 2021, 3, x FOR PEER REVIEW 5 of4

13.

14.

15.

16.

17.

18.

19.

20.

21.

Makarov, A.A.; Dzhemileva, L.U.; Salimova, A.R.; Makarova, E.K.; Ramazanov, I.R.; D'yakonov, V.A.; Dzhemilev, UM. New
Synthetic Derivatives of Natural 5Z,9Z-Dienoic Acids: Stereoselective Synthesis and Study of the Antitumor Activity. Bioorg.
Chem. 2020, 104, 104303. https://doi.org/10.1016/j.bioorg.2020.104303.

D’yakonov, V.A.; Tuktarova, R.A.; Dzhemileva, L.U.; Ishmukhametova, S.R.; Yunusbaeva, M.M.; Dzhemilev, U.M. Catalytic
cyclometallation in steroid chemistry V: Synthesis of hybrid molecules based on steroid oximes and (5Z,9Z)-tetradeca-5,9-diene-
dioic acid as potential anticancer agents. Steroids 2018, 138, 14-20. https://doi.org/10.1016/j.steroids.2018.06.002.

D’yakonov, V.A; Tuktarova, R.A.; Dzhemileva, L.U.; Ishmukhametova, S.R.; Yunusbaeva, M.M.; Dzhemilev, U.M. Catalytic
cyclometallation in steroid chemistry VI : Targeted synthesis of hybrid molecules based on steroids and tetradeca-5Z,9Z-diene-
1,14-dicarboxylic acid and study of their antitumor activity. Steroids 2018, 138, 6-13. https://doi.org/10.1016/j.ster-
0ids.2018.06.004.

D’yakonov, V.A.; Tuktarova, R.A.; Dzhemileva, L.U.; Ishmukhametova, S.R.; Yunusbaeva, M.M.; Ramazanov, L.R.; Dzhemilev,
U.M. Novel Hybrid Molecules on the Basis of Steroids and (5Z,9Z)-Tetradeca-5,9-diene-1,14-dioic Acid: Synthesis, Anti-Cancer
Studies and Human Topoisomerase I Inhibitory Activity. Anti-Cancer Agents Med. Chem. 2017, 17, 1126-1135,
doi:10.2174/1871520616666161207154850.

D’yakonov, V.A.; Tuktarova, R.A.; Dzhemilev, U.M. Ti-Catalyzed Cross-Cyclomagnesiation of 1,2-Dienes in the Total Z,Z,Z-
Stereoselective ~ Synthesis of Natural Acetogenin—Chatenaytrienin-1. ACS Omega 2019, 4, 14085-14091,
https://doi.org/10.1021/acsomega.9b01951.

D’yakonov, V.A.; Dzhemileva, L.U.; Tuktarova, R.A.; Makarov, A.A; Islamov, LI; Mulyukova, A.R.; Dzhemilev, U.M. Catalytic
cyclometallation in steroid chemistry III: Synthesis of steroidal derivatives of 57,9Z-dienoic acid and their human topoisomer-
ase I inhibitory activity. Steroids 2015, 102, 110-117. http://dx.doi.org/10.1016/j.steroids.2015.08.006.

Dzhemilev, U.M.; Khuzin, A.A.; Akhmetov, A.R.; D’yakonov, V.A.; Dzhemileva, L.U.; Yunusbaeva, M.M.; Tuktarov, A.R. Syn-
thesis of C60 fullerene-quadricyclane hybrid compound and its preliminary in vitro antitumor activity in combination with
cisplatin. ACS Omega 2019, 4, 15929-15934. https://doi.org/10.1021/acsomega.9b01982.

D’yakonov, V.A.; Makarov, A.A.; Dzhemileva, L.U.; Makarova, E. Kh., Dzhemilev U M. Natural Trienoic Acids as a Possible
Anticancer Agents: First Stereoselective Synthesis, Cell Cycle Analysis, Induction of Apoptosis Cell Signaling and Targeting
Mitochondria Studies. Cancers 2021, 13, 1808. https://doi.org/10.3390/cancers13081808.

Carballeira, N.M.; Medina, ].R. New A>’ fatty acids in the phospholipids of the sea anemone Stoichactis helianthus. ]. Nat. Prod.
1994, 57, 1688-1695.


https://doi.org/10.1016/j.steroids.2018.06.002
https://doi.org/10.1016/j.steroids.2018.06.004
https://doi.org/10.1016/j.steroids.2018.06.004
http://dx.doi.org/10.2174/1871520616666161207154850
http://dx.doi.org/10.1016/j.steroids.2015.08.006
https://doi.org/10.3390/cancers13081808

