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Abstract: The [6+2] cycloaddition of (2-butyl-2,3-butadienyl)(trimethyl)silane and 2,3-butadi-
enyl(trimethyl)silane to 1,3,5-cycloheptatriene was studied using titanium- and cobalt-containing
multicomponent catalytic systems: ReTiCl2-R'»AlClsn (R = acac, PriO, Bu'O, Cl; R' = Et, Bu, n=2, 3)
and CoX2(Y)/Z/Znlz (X = acac, Br, I, Cl, OAc; Y = dppe, dppm, dppp, dppb, PhsP, P(OPr')s, P(OPh)s;
Z =7n, Mg, In, BusNBH4). The work investigated the influence of the nature of the central atom of
the catalyst, the ligand environment of the catalyst, the nature of the organoaluminum cocatalyst,
the reducing agent, the effect of temperature, as well as the nature of the solvent on the yield and
stereoselectivity of the formation of cycloadducts. Catalytic cyclocodimerization occurs with the
formation of silicon-containing bicyclo[4.2.1]nona-2,4-dienes, which are of interest as promising
precursor compounds in the synthesis of new drugs. It is known that many bridged carbo- and
heterocarbocyclic compounds containing silicon atoms in the structure have diverse biological ac-
tivities and are valuable drugs. Based on this, the work for the first time carried out a comprehensive
study of the antitumor activity of synthesized silicon-containing bicyclo[4.2.1]nona-2,4-dienes in
vitro using various tumor cell lines (U937, K562, Jurkat, HL60) and normal fibroblasts.

Keywords: cycloaddition; catalysis; 1,3,5-cycloheptatriene; Si-containing 1,2-dienes; bridged
carbocycles; antitumor activity

1. Introduction

Catalytic cyclodimerization reactions involving 1,3,5-cycloheptatrienes (CHT) are an
effective tool for obtaining a wide variety of bridged polycycles [1,2], many of which are
used in the targeted synthesis of new bioactive and medicinal compounds [1,3,4]. For ex-
ample, compounds such as taxol, ingenol and phorbol, which have high physiological
activity, were obtained based on bicyclic adducts of CHT [3,4]. Therefore, studies on the
synthesis of previously unknown polycycles based on CHTs are a relevant and promising
direction in the field of modern organic synthesis. Previously, we developed effective cat-
alytic systems that allow cycloaddition reactions of CHT and its substituted derivatives
to be carried out with various classes of unsaturated compounds [5-7]. As a result of the
implementation of these transformations, new classes of bi- and polycyclic carbocycles
were obtained, and their antitumor activity in vitro was studied [7].

It is known that the presence of a silicon atom in a molecule increases the lipophilicity
of a compound, and as a result, its cytotoxic effect is enhanced [8]. For example, it has
been proven that the silyl protecting group plays an important role in enhancing the cy-
totoxic activity of the molecule [9,10]. Therefore, the development of effective approaches
to the synthesis of new silicon-containing carbo- and heterocarbocycles is of particular
interest in the targeted search for new antitumor compounds. In the present work, we
studied the [6+2] cycloaddition of (2-butyl-2,3-butadienyl)(trimethyl)silane and 2,3-
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butadienyl(trimethyl)silane to CHT using multicomponent catalytic systems based on ti-
tanium and cobalt in order to obtain silicon-containing bicyclo[4.2.1]nona-2,4-dienes, and
also studied the in vitro antitumor properties of the synthesized adducts.

2. Results and Discussion

Initially, we studied the cyclodimerization reactions of Si-containing 1,2-dienes with
CHT under the action of titanium-based catalytic systems in combination with organoalu-
minum reducing agents. It was found that [6+2] cycloaddition of 2,3-butadienyl(trime-
thyl)silane 1a and (2-butyl-2,3-butadienyl)(trimethyl)silane 1b to CHT under the action of
the ReTiCl-R'nAlCI (R = acac, PriO, Bu'O, CL; R” = Et, Bu/, n =2, 3) catalytic system leads
to the formation of bicyclo[4.2.1]nona-2,4-dienes 2a,b in 19-89% yields as an equimolar
mixture of Z- and E-isomers (Scheme 1, Table 1).

R L~
Si—
~
R 74
>Si_>=.=
- 1a,b
Ti-, Co-catalyst
conditions 2a,b
a:R=H
b: R=Bu

Scheme 1. Catalytic cycloaddition of Si-containing 1,2-dienes with CHT.

Table 1. Effect of the nature of the catalyst, reducing agent, solvent, temperature and reaction time
on the yield of cycloadducts 2a,b.

Entry Ti-Catalyst Conditions Yield 2a,b (%)
1 Ti(acac)2Cl-Et2AlICI benzene, 80 °C, 8 h a: 82; b: 85
2 Ti(acac)Cl-Et2AICI toluene, 80 °C, 8 h a:76; b: 78

. 1,2-dichloroben-

3 Ti(acac)Cl-Et2AlCI zene, 80°C, 8 h a:71; b: 70
4 Ti(acac):Cl-ELAICI Cyd"hexgaie’ 80°C 51 b:53
5 Ti(acac):Cl-Et2AlCI hexane, 80 °C, 8 h a:65;b: 70
6 Ti(acac)Cl-Et2AlCI THF, 80 °C, 8 h -

7 Ti(acac)Cl-Et2AIC] benzene, 40 °C, 8 h a: 20; b: 19
8 Ti(acac)Cl-EtAIC] benzene, 60 °C, 8 h a:41;b:44
9 Ti(acac):Cl-Et2AlC1 benzene, 80 °C, 5 h a: 68; b: 70
10 Ti(acac)Cl-Et2AIC] benzene, 80 °C, 11 h a:82;b: 84
11 Ti(acac)2Cl-EtsAl benzene, 80 °C, 8 h a: 80; b: 82
12 Ti(acac)2Cl-Bu2AIC1 benzene, 80 °C, 8 h a:82; b: 86
13 Ti(acac)2Cl2-BuizAl benzene, 80 °C, 8 h a: 85; b: 89
14 TiCls-Et2AICI benzene, 80 °C, 8 h a:79;, b: 77
15 Ti(OPri)2Cl-Et2AlICI benzene, 80 °C, 8 h a: 80; b: 79
16 Ti(OBu!)Cl-Et2AlCI benzene, 80 °C, 8 h a:74; b: 76

Ti(acac)2Clz, TiCls, Ti(OPr?)2Cl2 and Ti(OBu!)2Cl2 (entries 1, 14-16) can be successfully
used as catalysts without significant changes in the yield of cycloadducts. Equally effec-
tive are the following reducing agents: Et2AlICl, EtsAl, Bu2AICI and Bu’Al (entries 1, 11-
13). Codimerization occurs most effectively in benzene and toluene; it is also possible to
use 1,2-dichlorobenzene, cyclohexane and hexane as solvents (entries 1-5). The reaction
does not occur in THF (entry 6). It was found that the yield of codimers is affected by the
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temperature and duration of the experiment. The most optimal condition is a reaction
temperature of 80 °C and an experiment duration of 8 h (entries 1-5, 11-16) (Table 1).

As a result of further studies, it was established that the [6+2] cycloaddition of 2,3-
butadienyl(trimethyl)silane 1a and (2-butyl-2,3-butadienyl)(trimethyl)silane 1b to CHT
using a three-component catalytic system based on cobalt complexes CoXz(Y)/Z/Znl2 (X =
acac, Br, I, Cl, OAc; Y = dppe, dppm, dppp, dppb, PhsP, P(OPri)s, P(OPh)s; Z = Zn, Mg, In,
BusNBHs) leads to the formation of bicyclo[4.2.1]nona-2,4-dienes 2a,b in yields of 7-88%
as the E-isomer (the Z-isomer was detected in trace amounts not exceeding 5%) (Scheme

1, Table 2).

Table 2. Effect of the nature of the catalytic system, temperature and reaction time on the yield of

cycloadducts 2a,b.

Entry Co-Catalyst Conditions Yield 2a,b (%)
1 Co(acac)2(dppe)/Zn/Znl: C2H4C12:I60 "G5 a: 85; b: 88
2 CoBrz(dppe)/Zn/Znl2 C2H4C12;I60 RN AN
3 CoClx(dppe)/Zn/Znl C2H4C12;60 O sa 49
4 Colz(dppe)/Zn/Znl2 C2H4C12;I60 C3 s bis3
5 Co(OAc)(dppe)/Zn/Znl C2H4C12;60 CS O s b
6 Co(acac)(dppm)/Zn/Znl: C2H4Clz;60 G5 a: 35; b: 36
7 Co(acac)2(dppp)/Zn/Znl2 C2H4Clz:160 "G5 a:20; b: 18
8 Co(acac)(dppb)/Zn/Znl. C2H4C12:I60 G5 -
9 Co(acac)/PhsP/Zn/Znl: C2H4C12;60 "G5 a:10; b: 7
10 Co(acac)y/P(OPh)y/Zn/Zns CZH@Z“ °C5 ]
11 Co(acac)/P(OPri)s/Zn/Znl2 C2H4C12:I60 "G5 -
12 Co(acac)(dppe)/Zn C2H4Ch"{60 "G5 -
13 Co(acac)2(dppe)/Mg/Znl> C2H4C12:I60 G5 a: 78; b: 80
14 Co(acac)2(dppe)/In/Znl> C2H4C12"{60 "G5 a:77,b: 79
15 Co(acac)2(dppe)/BusNBH4/Znl C2HiClz, 60 °C, 5 2: 83; b: 85
2 q

16 Co(acac)2(dppe)/Zn/Znl C2H4C12’q25 G 72 a: <6; b: <5
17 Co(acac)2(dppe)/Zn/Znl2 C2H4C12:I40 "G5 a: 28; b: 30
18 Co(acac)2(dppe)/Zn/Znl CHACL, 40°C, 20 a:82; b: 85

9
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The experiments showed that the reaction is catalyzed by such cobalt(Il) salts as
Co(acac)z, CoBrz, CoClz, Colz, and Co(OAc): (entries 1-5). The most effective ligand was
dppe (entries 1-5, 13-15), while the use of dppm, dppp, and PhsP resulted in a sharp de-
crease in the yield of the target cycloadduct (entries 6, 7, and 9). Zn, Mg, In, and BusNBH4
(entries 1-5, 13-15) can be successfully used as reducing agents. In the absence of the
Lewis acid Znl, the codimerization reaction does not occur (entry 12). The maximum
yield of the product is achieved at a temperature of 60 °C and an experiment duration of
5 h (entry 1), while at a lower temperature the yield of the product decreases noticeably
(entries 16, 17) (Table 2).

It is known that many silicon-containing bi- and polycyclic compounds exhibit
pronounced biological activity and are medicinal products [7-10]. Therefore, in this work,
we studied for the first time the antitumor activity of the synthesized silicon-containing
bicyclo[4.2.1]nona-2,4-dienes 2a,b in vitro using tumor cell lines U937, K562, Jurkat, HL60
and normal fibroblasts (Table 3). It was found that cycloadducts 2a,b exhibit an antitumor
effect on the studied cell lines and the inhibitory concentration values are in the range of
IC50 = 0.012 + 0.001-0.034 + 0.003 pM.

Table 3. Cytotoxic activities ICso in vitro of bicyclo[4.2.1]nona-2,4-dienes 2a,b measured on tumor
cell cultures (Jurkat, K562, U937, HL60) and normal fibroblasts (uM).

Compound ICs0 (uM)
Jurkat K562 U937 HL60 Fibroblasts
2a 0.025+0.002 0.019 £0.002 0.034+0.003 0.015+0.001 0.157 +0.019
2b 0.020 £ 0.002 0.017 £0.002 0.028 +£0.002  0.012 +£0.001 0.160 = 0.020

3. Conclusions

The [6+2] cycloaddition of (2-butyl-2,3-butadienyl)(trimethyl)silane and 2,3-butadi-
enyl(trimethyl)silane to CHT under the action of titanium- and cobalt-containing multi-
component catalytic systems was studied for the first time, leading to the selective for-
mation of Si-containing bicyclo[4.2.1]nona-2,4-dienes. The synthesized carbocycles exhib-
ited antitumor properties, which makes these compounds promising objects of study in
the field of creating modern anticancer drugs.

4. Experimental Part

All solvents were dried and freshly distilled before use. All reactions were carried out
under a dry argon atmosphere. Analytical data for compounds 2a,b (‘H NMR, °C NMR,
elemental analysis, mass spectral analysis) are reported in the literature [5].

Titanium catalyzed cycloaddition of 1,3,5-cycloheptatriene and Si-containing 1,2-
dienes (general procedure). A glass ampoule, at ~0 °C under a dry argon atmosphere,
was charged with 1,3,5-cycloheptatriene (1 mmol), Si-containing 1,2-diene (1.2 mmol),
0.03 mmol Ti(acac)2Clz (or TiCls, Ti(OBu)2Clz, Ti(OPri)2Clz) and anhydrous benzene (3 mL).
The ampoule was cooled in liquid nitrogen, charged with Et2AICI (or EtsAl, Bu2AICl,
BuizAl) (0.4 mmol in 1 mL of benzene) and sealed. After heating at 80 °C for 8 h the
ampoule was opened, its contents poured into C2:HsOH (2 mL). Volatile solvents were
removed under vacuum. Chromatographic purification on SiO2 (100% petroleum ether as
eluent) afforded the target products 2a,b.

Cobalt catalyzed cycloaddition of 1,3,5-cycloheptatriene and Si-containing 1,2-
dienes (general procedure). Zn powder (30 mol%) (or Mg, In, BusNBH4) was added to a
solution of Co(acac)(dppe) (10 mol%) (or CoBrz(dppe), CoCl(dppe), Col(dppe),
Co(OAc)2(dppe)) in C2HsCl2 (1.5 mL) in a glass ampoule under a dry argon atmosphere,
and the mixture was stirred at room temperature for 2 min. Next, 1,3,5-cycloheptatriene
(1.0 mmol), Si-containing 1,2-diene (1.2 mmol) in C2H4Clz (1.5 mL) and Znl2 (20 mol%)
were added successively. The ampoule was sealed and after heating at 60 °C for 5 h, the
ampoule was opened and the reaction was stopped by the addition of petroleum ether


https://www.nature.com/articles/s41467-024-48494-9
https://www.nature.com/articles/s41467-024-48494-9

Chem. Proc. 2024, 6, x FOR PEER REVIEW 5 of 5

and stirring in air for 10 min to deactivate the catalyst. After filtration through a short pad
of silica, the volatiles were removed under vacuum. Chromatographic purification over
SiOz (petroleum ether as eluent) afforded the target products 2a,b.

Funding: The work was conducted within approved plans for research projects at the IPC RAS State
Registration No. FMRS-2022-0075.

Institutional Review Board Statement:

Informed Consent Statement:

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. The
biological studies of bicycles were done in the Laboratory of Molecular Design and Drug Bioscreen-
ing at the Institute of Petrochemistry and Catalysis.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Yu, Z.X;Wang, Y.; Wang, Y. Transition-metal-catalyzed cycloadditions for the synthesis of eight-membered carbocycles. Chem.
Asian ]. 2010, 5, 1072-1088.

2. D’yakonov, V.A,; Kadikova, G.N.; Dzhemilev, U.M. Transition Metal Complex-Mediated Chemistry of 1,3,5-Cycloheptatrienes.
Russ. Chem. Rev. 2018, 87, 797-820.

3.  Rigby, ].H.; Niyaz, N.M.; Short, K.; Heeg, M.]. A Unified Entry into the Ingenane, Tigliane, and Taxane Ring Systems. ]. Org.
Chem. 1995, 60, 7720-7721.

4.  Rigby, ] H.; Niyaz, N.M.; Bazin, B. Rearrangement pathways in the bicyclo[4.4.1]Jundecane ring system. Tetrahedron 2002, 58,
4879-4885.

5. Dzhemilev, U.M,; Kadikova, G.N.; Kolokoltsev, D.I.; D’yakonov, V.A. Catalytic [6r1+211]-cycloaddition of alkynes, 1,2- and 1,3-
dienes to 1,3,5-cycloheptatrienes involving Ti complexes. Tetrahedron 2013, 69, 4609-4611.

6. D’yakonov, V.A; Kadikova, G.N.; Kolokoltsev, D.I,; Ramazanov, LR.; Dzhemilev, U.M. Titanium-Catalyzed [67t+27]-Cycload-
dition of Alkynes and Allenes to 7-Substituted 1,3,5-Cycloheptatrienes. Eur. J. Org. Chem. 2015, 2015, 4464-4470.

7. D’yakonov, V.A,; Kadikova, G.N.; Nasretdinov, R.N.; Dzhemileva, L.U.; Dzhemilev, U.M. The Synthesis of Bicyclo[4.2.1]nona-
2,4,7-trienes by [6m+27]-Cycloaddition of 1-Substituted 1,3,5-Cycloheptatrienes Catalyzed by Titanium and Cobalt Complexes.
J. Org. Chem. 2019, 84, 9058-9066.

8. Padron, J.M.; Donadel, O].; Leon, L.G.; Martin, T.; Martin, V.S. Enhancement of Drug Cytotoxicity by Silicon Containing
Groups. Lett. Drug Des. Discov. 2006, 3, 29-34.

9. Anderson, W.; Kasliwal, R.; Houston, D.M.; Wang, Y.-s.; Narayanan, V.L.; Haugwitz, R.D.; Plowman, J. Synthesis, antitumor
activity, and chemical properties of silaplatin and related platinum(Il) and platinum(IV) complexes derived from .beta.-silyl
amines. J. Med. Chem. 1995, 38, 3789-3797.

10. Lazareva, N.F.; Baryshok, V.P.; Lazarev, I.M. Silicon-containing analogs of camptothecin as anticancer agents. Arch. Pharm. 2018,

351, 1700297.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



