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Abstract: The Bingel-Hirsch reaction was used to synthesize two new hexamethanofullerenes con-
taining six quadricyclane fragments. Preliminary experiments have established that the synthesized
compounds have a high antitumor effect in combination with cisplatin on human T-lymphoblastic
leukemia cells (Jurkat cells).
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1. Introduction

The ability of the quadricyclane molecule to cleave (break) strained C-C bonds in the
presence of catalytic amounts of Pd or Pt ions with the release of about 100 kJ/mol [1,2]
heat allowed us to put forward an original idea, consisting in the synthesis of derivatives
of quadricyclanes, promising as effective antitumor drugs. We hypothesized [3] that, as a
result of active metabolism, tumor cells, in contrast to healthy ones, will more intensively
accumulate quadricyclan molecules and upon further introduction of Pd or Pt ions into
the human body, for example, in the form of the well-known preparation cisplatin in a
much lower concentration, scaffold the molecule will be cleaved with the release of heat,
thereby exerting an additional thermal effect on tumor cells.

In the development of these studies, and also taking into account the prospects of
using fullerenes for targeted delivery of various substances [4], which leads to an increase
in the antitumor activity of already well-studied drugs [5], we carried out the covalent
binding of Ceo to quadricyclans by the Bingel-Hirsch reaction [6-8]. As a result of studying
the cytotoxic effect of hybrid molecules in combination with cisplatin [7] or in its absence
[8] on human T-lymphoblastic leukemia cells (Jurkat cells), we have shown that water-
soluble polyvinylpyrrolidone complexes of methanofullerenes containing quadricyclane
addends lead to a significant dose-dependent increase in the number of dead cells in each
group, in comparison with the control. In this case, the activity of hybrid molecules is
more than 100 times higher than the initial quadricyclanes that do not contain fullerene.

Given the promising potential of fullerene polyadducts for medicine for the treat-
ment of bacterial [9], viral [10,11], tumor [12] and HIV [13] diseases, we assumed that by
selectively synthesizing Ceo adducts containing 6 quadricyclane addends, we would be
able to increase the solubility of new hybrid molecules, as well as their antitumor activity
due to the greater number of covalently attached quadricyclanes to the Ceo carbon back-
bone.
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2. Results and Discussion

To date, one of the most selective methods for the synthesis of poly adducts of full-
erenes in preparative quantities can be considered the Bingel-Hirsch reaction, leading to
hexamethanofullerenes [14-16].

Malonic acid esters 1 and 2 were synthesized as precursors of a-halogencarbanions
(Scheme 1). The choice of these monomers is due to several reasons. Thus, disubstituted
norbornadiene lends itself more readily to monosubstituted isomerized to the correspond-
ing quadricyclanes [17,18] The presence of the phenyl substituent of said most efficiently
promotes isomerization. The use of a diethylene glycol spacer in ethers 1 and 2, as shown
in our previous works [6,7], promotes the stabilization of the quadricyclane addend in the
hybrid molecule and prevents its spontaneous destruction. The synthesis of hexa-
methanofullerenes using norbornadiene esters of malonic acid, as well as the isomeriza-
tion of norbornadiene fragments in methanofullerenes 3 and 4, were carried out according
to the method described by Hirsch et al. [19].
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Scheme 1. Synthesis of hexamethanofullerenes containing quadricyclane moieties.

Preliminary studies of the antitumor activity of the obtained hexamethanofullerenes
5 and 6 in combination with cisplatin on human T-lymphoblastic leukemia cells (Jurkat
cells) showed a significant (10-fold) increase in the number of dead cells in comparison
with the previously synthesized monomethanofullerenes 6 containing one quadricyclane
fragment.

Currently, the Laboratory of Molecular Design and Biological Screening of Candidate
Substances for the Pharmaceutical Industry at the Institute of Petrochemistry and Cataly-
sis of RAS is conducting more detailed studies of the antitumor activity of synthesized
hexamethanofullerenes using a wide range of cancer cells as an example.

3. Materials and Methods

All reactions were performed under an argon atmosphere and in anhydrous solvent.
The solvents and reagents were dried or refined according to the literature procedures.
Commercially available [60]fullerene (99.5 % pure, Sigma-Aldrich) and cisplatin (ABCR)
were used. The reaction products were analyzed on a HPLC chromatograph Shimadzu
SPD-20A (Japan) equipped with the UV detector at 313 or 340 nm. The mixtures were
separated on a preparative column Cosmosil Buckyprep Waters (250x10 mm) at ~20 °C.
Toluene was used as eluent, the flow rate was 3.0 mL-min. The '"H and *C NMR spectra
were run on a Bruker Avance-500 spectrometer. A mixture of CDCls and CS: (1:5) was
used as a solvent. The chemical shifts are reported as 6 values in parts per million relative
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to internal standard MesSi. The coupling constants (J) are reported in Hertz. The mass
spectra were obtained on an UltraFlex IIIl TOF/TOF (Bruker Daltonik GmbH, Germany)
operating in linear (TOF) and reflection (TOF/TOF) positive and negative ion modes. Ss
and DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyliden]malononitrile) were
used as the matrix. For the application on a metal target, toluene solutions of the samples
were used. Hamamatsu Lightning cure LC-8 150 W was used for UV irradiation of nor-
bornadienes.

Procedure for the synthesis of hexamethanofullerenes 3 n 4.

Under inert atmosphere and the exclusion of light, Ceo (1.0 eq., 8.33-10-° mol, 60 mg)
was dissolved in 20 mL of 1,2-dichlorobenzene. The solution was degassed with argon for
10 min. Afterwards the norbornadiene malonates 1 (10 eq., 8.33-10* mol, 307.5 mg) or 2
(10 eq., 8.33-10* mol, 358 mg), CBrs (100 eq., 8.33 mmol, 2.76 g) and DBU (10 eq., 8.33-10~*
mol, 125puL) were added. The reaction mixture was stirred overnight and another 25 puL
of DBU were added. After another day, the reaction mixture was concentrated and sepa-
rated by the HPLC, eluent was toluene. The product was obtained after removal of the
solvent in vacuo. The method corresponds to the literature data [19].

Hexamethanofullerene 3

Brown powder. 'TH NMR (500 MHz, CDCls): 0 (ppm) = 7.50-7.49 (m, 6H, CH (Ph)),
7.33-7.28 (m, 24H, CH (Ph)), 6.98-6.91 (m, 12H, CH), 4.45-4.23 (m, 24H, CH2), 4.07-4.04
(m, 12H, CH-2), 3.84 (m, 12H, CH), 2.25-2.09 (m, 12H, CH>), 1.35-1.23 (m, 18H, CHs). *C
NMR (125 MHz, CDCls): 6 (ppm) =167.76, 164.27, 163.11, 162.94, 162.80, 162.60, 145.87,
143.92, 141.03, 140.95, 140.54, 138.37, 135.45, 128.90, 127.98, 127.78, 70.63, 69.02, 65.75, 64.20,
62.89, 61.52, 61.11, 5891, 53.21, 45.09, 14.19. HRMS (MALDI TOF) [M]- calcd. for
Ci8sH120036 2928.7559; Found 2928.7557. Yield 42 mg, 70%.

Hexamethanofullerene 4

Brown powder. 'H NMR (500 MHz, CDCls): 6 (ppm) = 7.56-7.54 (m, 12H, CH (Ph)),
7.38-7.28 (m, 48H, CH (Ph)), 7.01-6.92 (m, 12H, CH), 5.27-5.21 (m, 12H, CH>), 4.34-4.07
(m, 24H, CH>), 3.86 (m, 6H, CH), 2.24-2.07 (m, 12H, CH>). 3C NMR (125 MHz, CDCls): 6
(ppm) =168.30, 168.07, 167.96, 164.98, 164.72, 163.44, 163.35, 146.10, 145.56, 143.92, 143.77,
141.04, 140.78, 140.74, 140.65, 138.47, 135.49, 134.52, 129.03, 128.90, 128.65, 128.62, 128.41,
127.84, 127.77, 70.58, 69.82, 68.61, 65.80, 64.41, 61.65, 61.29, 58.72, 53.00, 44.89. HRMS
(MALDI TOF) [M] caled. for C216H1320s6 3300.8498; Found 3300.8501. Yield 54 mg, 90%.

Procedure for photoisomerization of norbornadiene moieties to quadriclane in hexa-
methanofullerenes 3 and 4.

Quadricylane 5 and 6 was prepared by photoisomerization of corresponding hexa-
methanofullerenes 3 and 4. For this purpose, 10 mg of compound 3 or 4 were dissolved in
thoroughly degassed CDCls (2.5 mL). The solution was transferred into a quartz cuvette
which was sealed under argon atmosphere. Afterwards, the cuvette was irradiated with
a Hamamatsu Lightning cure LC-8 150 W of a wavelength of 310 nm. The reaction was
followed by 'H NMR spectroscopy, which indicated full conversion after six hours for the
3 and five hours for the 4. The method corresponds to the literature data [19].

Hexamethanofullerene 5

Brown powder. 'H NMR (500 MHz, CDCls): 6 (ppm) = 7.28-7.20 (m, 24H, CH (Ph)),
7.19 (m, 6H, CH (Ph)), 4.39-4.28 (m, 24H, CHz), 4.20 (m, 12H, CH>), 2.63-2.16 (m, 12H,
CH), 1.73-1.60 (m, 12H, CH), 1.44-1.28 (m, 18H, CHs). *C NMR (125 MHz, CDCls): 6
(ppm) =171.46, 164.81, 163.45, 145.90, 143.85, 141.17, 141.01, 140.67, 136.71, 128.70, 127.71,
126.30, 70.61, 69.08, 65.84, 64.34, 63.07, 61.10, 58.70, 52.96, 45.10, 37.65, 32.77, 32.19, 31.82,
31.33,30.01, 20.87, 14.06. HRMS (MALDI TOF) [M]- calcd. for CissHi20036 2928.7559; Found
2928.7556.

Hexamethanofullerene 6

Brown powder. 'H NMR (500 MHz, CDCls): 6 (ppm) = 7.41-7.24 (m, 48H, CH (Ph)),
7.18 (m, 12H, CH (Ph)), 5.32-5.19 (m, 12H, CH-2), 4.24-4.07 (m, 24H, CH>), 2.59-2.12 (m,
12H, CH), 1.70-1.60 (m, 12H, CH). *C NMR (125 MHz, CDCls): 6 (ppm) =171.40, 163.37,
145.47, 143.89, 141.02, 140.69, 136.75, 134.54, 130.54, 128.86, 128.67, 127.71, 126.28, 70.57,
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69.79, 68.98, 68.61, 65.72, 64.44, 60.88, 44.88, 37.69, 32.82, 32.16, 31.79, 31.30, 30.06, 20.91.
HRMS (MALDI TOF) [M]- calcd. for C216H132036 3300.8498; Found 3300.8497.

4. Conclusions

The Bingel-Hirsch reaction was used to synthesize two new hexamethanofullerenes
containing six quadricyclane fragments. Preliminary studies of the antitumor activity of
hexamethanofullerenes in combination with cis-platinum on human T-lymphoblastic leu-
kemia cells (Jurkat cells) revealed a significant (10-fold) increase in the number of dead
cells in comparison with previously synthesized monomethanofullerenes containing one
quadricyclane fragment.

Author Contributions: Conceptualization, Data curation, Synthetic investigation, Writing-original
draft, and review and editing, A.A., Z.S., L.U.D. and A.T.; Supervision: U.D. All authors have read
and agreed to the published version of the manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available on request.

Acknowledgments: This work was supported by the Ministry of Science and Higher Education
within the State assignment Institute of Petrochemistry and Catalysis of RAS State Registration No.
AAAA-A19-119022290008-6 (2019-2021).

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

References

1.  An, X;; Xie, Y. Enthalpy of isomerization of quadricyclane to norbornadiene. Thermochim. Acta 1993, 220, 17-25.

2. Wiberg, K.B.; Connon, H.A. Enthalpy of the metal catalyzed isomerizations of quadricyclane and of tricyclo[4 .1.0.02,7]heptane.
J. Am. Chem. Soc. 1976, 98, 5411-5412.

3.  Dzhemilev, UM.; Akhmetov, A.R.; Khuzin, A.A.; D’yakonov, V.A.; Dzhemileva, L.U.; Yunusbaeva, M.M.; Khalilov, L.M,;
Tuktarov, A.R. A new original approach to the design of anticancer drugs based on energy-rich quadricyclanes. Russ. Chem.
Bull. Inl. Ed. 2019, 5, 1036-1040.

4. Liu, J.H.; Cao, L.; Luo, P.G;; Yang, S.T.; Lu, F.; Wang, H.; Meziani, M.J.; Haque, S.A.; Liu, Y.; Lacher, S.; et al. Fullerene-
conjugated doxorubicin in cells. ACS Appl. Mater. Interfaces 2010, 2, 1384-1389.

5. Prylutska, S.; Panchuk, R.; Gotunski, G.; Skivka, L.; Prylutskyy, Y.; Hurmach, V.; Skorohyd, N.; Borowik, A.; Woziwodzka, A;
Piosik, J.; et al. Ceo fullerene enhances cisplatin anticancer activity andovercomes tumor cell drug resistance. Nano Res., 2017, 10,
652-671.

6. Dzhemilev, UM.; Khuzin, A.A.; Akhmetov, A.R;; D’yakonov, V.A.; Dzhemileva, L.U.; Yunusbaeva, M.M.; Tuktarov, A.R.
Synthesis of Ceo fullerene-quadricyclane hybrid compound and its preliminary in vitro antitumor activity in combination with
cisplatin. ACS Omega 2019, 4, 15929-15934.

7. Tuktarov, AR.; Akmetov, A.R;; Khuzin, A.A.; Dzhemilev, U.M. Synthesis and properties of energy-rich methanofullerenes
containing quadricyclane moieties. J. Org. Chem. 2018, 83, 4160—4166.

8. Dzhemilev, UM.; Akhmetov, A.R.; D’yakonov, V.A.; Dzhemileva, L.U.; Yunusbaeva, M.M.; Tuktarov, A.R. Synthesis and
antitumor activity of methanofullerenes equipped with norbornadiene and quadricyclane moieties. Mendeleev Commun. 2020,
30, 150-152.

9.  Buffet, K,; Gillon, E.; Holler, M.; Nierengarten, J.-F.; Imberty, A.; Vincent, S.P. Fucofullerenes as tight ligands of RSL and LecB,
two bacterial lectins. Org. Biomol. Chem. 2015, 13, 6482-6492.

10. Luczkowiak, J.; Munoz, A.; Sanchez-Navarro, M.; Ribeiro-Viana, R.; Ginieis, A.; Illescas, B.M.; Martin, N.; Delgado, R.; Rojo, J.
Glycofullerenes inhibit viral infection. Biomacromolecules 2013, 14, 431-437.

11. Kraevaya, O.A,; Peregudov, A.S.; Godovikov, I.A.; Shchurik, E.V.; Martynenko, V.M.; Shestakov, A.F.; Balzarini, J.; Schols, D.;
Troshin, P.A. Direct arylation of CeoCls and CrnCls with carboxylic acids: A synthetic avenue to water-soluble fullerene
derivatives with promising antiviral activity. Chem. Comm. 2020, 56, 1179-1182.

12. Huang, H.-J.; Chetyrkina M.; Wong, C.-W.; Kraevaya, O.A.; Zhilenkov, A.V.; Voronov, L1; Wang, P.-H.; Troshin, P.A.; Hsu, S.-
h. Identification of potential descriptors of water-soluble fullerene derivatives responsible for antitumor effects on lung cancer
cells via QSAR analysis. Comp. Struct. Biotech. ]. 2021, 19, 812-825.

13. Troshina, O.A; Troshin, P.A.; Peregudov, A.S.; Kozlovskiy, V.I; Balzarini, ].; Lyubovskaya, R.N. Chlorofullerene CeCls: A

precursor for straightforward preparation of highly water-soluble polycarboxylic fullerene derivatives active against HIV. Org.
Biomol. Chem. 2007, 5, 2783-2791.


https://www.sciencedirect.com/science/article/pii/S2001037021000167?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2001037021000167?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2001037021000167?via%3Dihub#!

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

14.

15.

16.

17.

18.

19.

Leng, F.; Gerber, I.C.; Lecante, P.; Bentaleb, A.; Mufoz, A,; Illescas, B.M.; Martin, N.; Melinte, G.; Ersen, O.; Martinez, H.; et al.
Hexakis [60]Fullerene Adduct-Mediated Covalent Assembly of Ruthenium Nanoparticles and Their Catalytic Properties. Chem.
A Eur. J. 2017, 23, 13379-13386.

Iehl, J.; Freitas, R.P.; Nicot, B.D.; Nierengarten, J.-F. Click chemistry for the efficient preparation of functionalized [60]fullerene
hexakis-adducts. Chem. Comm. 2008, 21, 2450-2452.

Soriano, J.R.; Reina, J.J.; lllescas, B.M.; Rojo, J.; Martin, N. Maleimide and Cyclooctyne-Based Hexakis-Adducts of Fullerene:
Multivalent Scaffolds for Copper-Free Click Chemistry on Fullerenes. J. Org. Chem. 2018, 83, 1727-1736.

Dubonosov, A.D.; Bren, V.A.; Chernoivanov, V.A. Norbornadiene —Quadricyclane as an abiotic system for the storage of solar
energy. Russ. Chem. Rev., 2002, 71, 917-927.

Petersen, A.U.; Jevric, M.; Poulsen, K.M. Triazole functionalized Norbornadiene-Quadricyclane Photoswitches for Solar Energy
Storage. Eur. |. Org. Chem. 2018, 32, 4465-4474.

Lorenz, P.; Hirsch, A. Photoswitchable norbornadiene/quadricyclane interconversion-mediated by covalently linked Ceo. Chem.
Eur. J. 2020, 26, 5220-5230.



