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1. Introduction

The Alkaloid Chemistry Research Group at the Department of Organic Chemistry and
Technology at the Budapest University of Technology and Economics has a decades-long
tradition in the research of the Vinca alkaloids. These natural compounds consist of an indole
skeleton and were isolated from the periwinkle Catharanthus roseus in the late 1950s. Amongst
the compounds with natural origin, the bisindoles (vinblastine (1) and vincristine (2)) have
prominent antineoplastic effect, while the monomeric building blocks (vindoline (3) and
catharanthine (4)) have not (Fig. 1). The Vinca alkaloids suppress the microtubule dynamics

during the mitotic (M) phase of the cell cycle, which leads to apoptosis.
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Fig 1. Vinca alkaloids of natural origin (1-4) and chrysin (5)

Flavonoids are common secondary plant metabolites, which have several biological
activities (e.g. antioxidant, antibacterial, anticancer and anti-inflammatory effects). Our
research group’s awareness was raised by chrysin (5) also known as 5,7-dihydroxyflavone,
because previously it was found to have synergic effect in combinations with some of the well-
known anticancer compounds.! This is since chrysin (5) is able to occupy adenosine binding
sites. Therefore, they can inhibit the ATP-dependent efflux transporters, which are responsible
for the elimination of exogen compounds. Malignant cells are usually expressing these kinds of
transporters excessively, that results in drug resistance. These pumps use ATP hydrolysis to
cover their energic needs, therefore, the inhibition of these pumps will lead to an increased drug

concentration in the malignant cells.

!Chen, Y.H.; Yang, Z.S.; Wen C.C.; Chang, Y.S.; Wang, B.C.; Hsiao, C.A. Food Chem. 2012, 134, 717—
724,



2. Literature background

Cancer is a leading cause of death in our country and internationally next to
cardiovascular disorders. The main challenge during cancer treatment is to make distinction
between malignant and healthy cells. Vinca alkaloids are well-known chemotherapy agents with
high efficiency. Noble and coworkers realized during their experiments that saturating the
double bond located at position 14,15 of vinblastine (1) decreases its antineoplastic activity by
two orders of magnitude.? This structural part of the molecule has significant impact on the
biological activity, and therefore, our research group synthesized the 14,15-cyclopropane
derivative of vindoline (37). The intermediate was coupled with catharanthine (4) to obtain the
14,15-cyclopropanovinblastine which has shown prominent cytotoxic activity (Fig. 2.).3*
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Fig 2. Synthesis of 14,15-cyclopropanovinblastine

In the light of the outstanding results shown by the cyclopropane derivatives, we aimed
the epoxidation of the above-mentioned double bond of vindoline (3).

Unfortunately, the clinical use of the Vinca alkaloids has drawbacks too. They manifest
themselves in the side effects of the chemotherapy (e.g. neurotoxicity, decrease in white blood
cell count, fever, loss of hair, vomiting) because of the lack of the decent distinction, and in the
development of drug resistance. The resistance against the Vinca alkaloids is dual; firstly, the
overexpressed P-glycoprotein (P-gp) mediated efflux, and secondly, the malignant cell can
change the structure of the tubulin polymers, and therefore Vinca alkaloids are losing their
potential to make connection with the microtubules.

The compounds which can interact with two or more biological targets better known as
hybrid molecules are again raising attention in the field of treating disorders with complex
pathomechanism like cancer, where the one disease—one target—one drug strategy tends to fail

because of the above-mentioned reasons.

2Noble, R.L.; Beer, M.D.C.T.; Mclntyre, R. W. Cancer, 1967, 20, 885-890.

3Keglevich, P.; Hazai, L.; Dubrovay, Zs.; Dékany, M.; Szantay, Cs. Jr.; Kalaus, Gy.; Szantay, Cs.
Heterocycles, 2014, 89, 653-668.

“Keglevich, P.; Hazai, L.; Kalaus, Gy.; Szantay, Cs. Period. Polytech., Chem. Eng. 2015, 59, 3-15.



The chemical and biological characteristics of Vinca alkaloids can be found in the vast
literature of the antimitotic compounds. On the other hand, because of the extensive interest in
the easily accessible flavonoids with natural or synthetic origin, their biological and chemical
properties have a continuously expanding literature. In the field of Vinca hybrids a large set of
conjugates were produced in different research groups, amongst them tiocolchicine®, folic acid®,
and monoclonal antibody’ containing hybrids (Fig 3.), which showed prominent antineoplastic
effect. These results encouraged us to plan and synthesize new potentially active Vinca hybrids.

Because the amount of dimeric Vinca alkaloids in the Catharanthus roseus are
exceedingly low (approximately 0,0005 %) the extraction from the plant is expensive and
uneconomical. Although, the monomeric vindoline (3) and catharanthine (4) do not have
cytostatic activity, in the last years it was shown that coupling vindoline (3) with the appropriate
molecule can endow it with strong cytotoxic effect. Several effective vindoline hybrids were
synthesized in our research group during these studies, representing steroid, amino acid, N-
heterocycle and synthetic pharmacophore containing hybrids.8

In the chemistry of chrysin (5), the hydroxy group at position 7 has a prominent role.
Most of the derivatization are made in this site of the molecule, because of the intramolecular
H-bond between the functions in positions 5 and 4. Previously several chrysin derivatives
modified in position 7 were found to be active tyrosine kinase inhibitors,''? hence, we aimed
to synthesize chrysin derivatives modified in position 7 which fit in the profile of our research

group using different nitrogen and phosphorus containing pharmacophores and amino acids.

SPassarella, D.; Giardini, A.; Peretto, B.; Fontana, G.; Sacchetti, A.; Silvani, A.; Ronchi, C.; Cappelletti, G.;
Cartelli, D.; Borlak, J.; Danieli, B. Bioorg. Med. Chem. 2008, 16, 6269-6285.

VIahov I.R.; Santhapuram H.K.; Kleindl P.J.; Howard, S.J.; Stanford K.M.; Leamon, C.P. Bioorg. Med.
Chem. Lett. 2006, 16, 5093-5096.

"Yurkovetskiy, A.V.; Yin, M.; Bodyak, N.; Stevenson, A.C.; Thomas D.J.; Hammond, E.C.; Qin, L.; Zhu, B,;
Gumerov, R.D.; Ter-Ovanesyan, E.; Uttard, A.; Lowinger, B.T. Cancer Res. 2015, 75, 3365-3372
8Keglevich, A.; Danyi, L.; Rieder, A.; Horvath, D.; Szigetvari, A.; Dékany, M.; Széantay, Cs. Jr.; Latif, A.D.;
Hunyadi, A.; Zupkd, 1.; Keglevich, P.; Hazai, L. Molecules, 2020, 25, 1010-1028.

%Keglevich, A.; Zsiros, V.; Keglevich, P.; Szigetvari A.; Dékany, M.; Szantay, Cs. Jr.; Mernyak, E.; Wolfling,
J.; Hazai, L. Curr. Org. Chem. 2019, 23, 959-967.

OKeglevich, A.; Szigetvari A.; Dékany, M.; Szantay, Cs. Jr.; Keglevich, P.; Hazai, L. Phosphorus Sulfur
Silicon Relat. Elem. 2019, 194, 606-609.

1Banoezi, Z.; Keglevich, A.; Szabd, 1.; Randelovié, 1.; Hegediis, Z.; Regenbach, F.L.; Keglevich, P.;
Lengyel, Z.; Gorka-Kereskényi, A.; Dubrovay, Z.; Hada, V.; Szigetvari, A.; Szantay Cs. Jr.; Hazai L.; Tovari,
J.; Hudecz, F. J. Pept. Sci. 2018, 24, e3118.

12Choe, H.; Kim, J.; Hong, S. Bioorg. Med. Chem. Lett. 2013, 23, 4324-4327.
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Fig 3. Vinca hybrids (78,104,105)



3. Experimental methods

During the synthesis of the compounds, the well-established methods of preparative organic
chemistry were used. The progress of reactions was followed by thin layer chromatography.
The crude products were purified by preparative thin layer chromatography and column
chromatography. The purity of the compounds and the chemical structures were determined by
thin layer chromatography, measuring melting points, *H and *C NMR, IR and MS

spectroscopies, *°N and '°F NMR as well in specific cases.

4. Results
4.1. Chemical results

Our first aim was to oxidize the Vinca alkaloids with mCPBA to obtain the epoxy
derivatives of the alkaloids. During the oxidation of vindoline (3) not the desired epoxide but a
new ortho-benzoquinone derivative (6) was formed.

The oxidation of catharanthine (4) and vinblastine (1) resulted in similar products. In
the case of the former a 7-hydroxy-N-oxide (129) and an N-oxide derivative (130) were
obtained. Compound 130 rearranged spontaneously in a [2,3]-sigmatropic rearrangement
resulting in compound 131, which is an isoxazolidine ring-containing derivative. The oxidation

of vinblastine (1) resulted in a similar N-oxide derivative (133) (Fig. 4).
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Fig 4. Summary of the oxidations



We attempted to carry out Diels-Alder reactions, firstly, on vindoline’s (3) above-
mentioned double bond with methyl vinyl ketone. Then the new ortho-benzoquinone derivative
of vindoline (6) was reacted with N-phenylmaleimide (Fig 5). However, instead of the
cycloaddition in the former case, a Friedel-Crafts reaction occurred on vindoline’s activated
aromatic ring. In the latter case two derivatives were isolated (137,138), both were condensed

with the reagent.

DCM
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57%

3 135
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138 29 CHs COOCH;

Fig 5. Summary of the attempts for cycloaddition

We suggested a reaction mechanism for the latter experiment (Fig 6). In the course of the
reaction, the expected adduct is formed as an intermediate, as suggested by the relevant MS
peak. This compound (136), however, is probably unstable under the conditions of the reaction
(at 110 °C) and reacts further. On the one hand, the breaking of the (O)C-C(O) bond in
compound 136 may be followed by a double decarbonylation to provide species B, as well as
re-aromatization to form compound 138. On the other hand, the (O)C-C(O) bond in compound
138 opens, a partial decarbonylation takes place to furnish intermediate C, and species 6 is

acylated by the monoacyl intermediate (C), resulting in compound 137.



137

Fig 6. The proposed mechanism of the formation of compounds 136 and 137

We aimed the coupling of the monomeric Vinca alkaloids, vindoline (3) and
catharanthine (4), using a different point of connection from the known bisindoles. 10-
Chloroacetamidovindoline (141) was synthesized in four steps, and catharanthine (4) was
alkylated with the intermediate. The reaction was stopped at low conversion to avoid the
formation of side products and the decomposition of catharanthine (4). This way a new

bisindole (143) was isolated successfully (Fig 7).
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Fig 7. Formation of a new bisindole derivative (143)

Following the good results carried out in our research group in the field of hybrid
molecules, we aimed to synthesize novel vindoline (3) and chrysin (5) containing hybrids.
Firstly, 10-chloroacetamidovindoline (141) was reacted with chrysin (5). In this reaction the
product was not the desired aryloxy acetamide (144) but a diphenylamine-type hybrid (145)

(Fig 8).
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Fig 8. Vindoline-chrysin hybrids (144,145) coupled through position 10 of vindoline (3)

To obtain the expected hybrid (144) a reverse synthesis route was used successfully (Fig
8). Furthermore the reaction between the 2-chloro-N-(2-methoxyphenyl)acetamide (148) —
imitating vindoline’s aromatic ring — and chrysin (5) was followed via an HPLC-MS system.
The results showed that a three-step consecutive process (alkylation, Smiles rearrangement and

hydrolysis) leads to the diphenylamine-type hybrid (145) (Fig 9).
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Fig 9. Reaction mechanism leading to hybrid 145

Chrysin was coupled with further eight 2-chloro-N-arylacetamide (146,147,149-154) at
room temperature resulting in aryloxy acetamides (1069,107f,155-161), because similar
derivatives had found to be effective protein kinase inhibitors. The reactions were carried out
at elevated temperatures too, to exploit the method developed earlier. In the case of acetamides
without substituent or with electron donating substituents (146-150) diphenylamine type
derivatives (162-166) were isolated. The Smiles rearrangement occurred twice in the case of
acetamides (151,152) containing electron-poor ring, resulting in aryloxy acetamide type

derivatives (171,172) which contained the linker in reverse order of constitution (Fig 11.).
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Fig. 11 Summary of model reactions

The coupling reaction between chrysin (5) and 10-chloroacetamidovindoline (141) was
performed using acetonitrile and acetone as the solvent (Fig 12). The former experiment
confirmed the proposed mechanism by providing the intermediate generated in the Smiles
rearrangement (169). The reaction which was achieved in acetone resulted a bis-alkylated
derivative (170).
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Fig. 12. Coupling reactions in different solvents

We synthesized three further vindoline-chrysin hybrids (179-181) through position 10
of vindoline (3) with linkers with different lengths (Fig 13).
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SwOy
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178 n=4; X =Br 181 n=4 39%

Fig 13. Vindoline-chrysin hybrids (179-181) through position 10 of vindoline (3)

We synthesized chrysin-amino acid conjugates using L- and D-Tryptophan methyl ester

and L-proline methyl ester with different linkers containing two or five carbon atoms (Fig 14).
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Fig 14. Chrysin — amino acid conjugates (191-194)

Following the natural molecules, chrysin (5) was coupled with synthetic

pharmacophores. During this work, chrysin (5) was linked with triphenylphosphine resulting in
a new hybrid (198) (Fig 15).
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Fig 15. Synthesis of chrysin and triphenylphosphine containing hybrid (198)

Finally, chrysin (5) was O-alkylated with 1,4-dibromo butane, then 1,2,3,4-
tetrahydroisoquinoline (200), N,N'-dimethylethylenediamine (125) and pyrrolidine (201) were
reacted with the intermediate. In addition to the products (202,203,205) carbamate side products
(204,206) could be isolated, which were formed during a carbon dioxide insertion (Fig 16).
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4.2. Biological results

The in vitro cytotoxic activity of the synthesized hybrids (144,145,170,180) and
flavonoid derivatives (106g,155-160,162-166,171) were determined against 60 cell lines of 9
common cancer types in the National Cancer Institute (NCI, USA). Vinblastine, (1) — which is
still being used in the clinical practice of specific cancers — vindoline (3), 17-deacetyl vindoline
(10) and chrysin (5) were selected as a reference. Amongst the Vinca-containing hybrids
(144,145,170,180) compounds 145 and 180 did not show cytostatic effect, in the case of
compound 170 a mild antiproliferative effect could be observed. The 144 aryloxy acetamide
showed prominent antineoplastic effect during the in vitro experiments, on several cell lines a
lower Glso (50% inhibition of cell growth) was observed compared to the positive control
vinblastine (1).

Despite the fact, that similar flavonoids having aryloxy acetamide structure had found
to be effective tyrosine kinase inhibitors, compounds 155-162 not showed any inhibition in
terms of cell growth, except for compound substituted with a trifluoromethyl group (160),
which showed moderately strong antiproliferative effect. Transforming the compounds to the
corresponding diphenylamine structure (162-166) caused significant increase in the cytotoxic
effect in the most cases. The structure of the initial acetamide (146-150) had remarkable
influence on the resulting products’ antineoplastic effect. While the unsubstituted and the
trimethoxy substituted compound did not show strong inhibition, the ortho-substituted
compounds (163-164) and the compound with both of the meta positions are substituted with
methoxy groups (165) showed outstanding cytotoxic activity. During the in vitro experiments,
these compounds showed a lower Glso on several cell lines compared to the positive control
vinblastine (1). Compound (165) showed the highest cytotoxic activity on the MCF7 cell line
of breast cancer (Glso = 30 nM) and on the HCT-15 cell line of colon cancer (Glso = 60 nM).

H ZYOH
CH; COOCH;
144 165

Fig 17. Compounds 144 and 165
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5. Theses

1. Oxidizing the catharanthine and vinblastine with mCPBA resulted in new N-oxide
derivatives. It was verified that the catharanthine N-oxide derivative rearranges in a [2,3]-

sigmatropic rearrangement to an isoxazolidine ring-containing derivative. [MISZ1]

2. It was proved that reacting vindoline with methyl vinyl ketone results in a Friedel-Crafts
reaction on the vindoline’s activated aromatic ring, instead of Diels-Alder cycloaddition. In the
reaction of vindoline’s new ortho-benzoquinone derivative with N-phenylmaleimide two
compounds were isolated, both were condensed with the reagent. The reaction mechanism

leading to the new derivatives was proposed. [MSZ2]

3. Six novel hybrids containing vindoline and chrysin moieties were synthesized through
opposed positions of vindoline, using different linker lengths. It was demonstrated that
compound 144 has outstanding cell proliferation inhibition effect, on several cell lines it was

proved to be more effective than the positive control vinblastine. [MSZ4]

4. Reacting 10-chloroacetamidovindoline with chrysin resulted in an unexpected product. The
reaction mechanism was proposed and verified experimentally. According to these a three-step
consecutive process occurs which contains alkylation, Smiles rearrangement and hydrolysis.
[MSZ3,MSZ4]

5. Seven new flavonoid derivative with aryloxy acetamide structure was synthesized. Using the
method we developed diphenylamine-type compounds were produced from the former. The
substituent effects influencing the reactions were proposed. It was demonstrated that several of

the compounds produced this way had prominent cytostatic activity. [MSZ3]
6. Possible Applications

Amongst the synthesized compounds which were participated in the in vitro
experiments compound 144 showed lower Glsp values on non-small cell lung cancer (EKVX
and NCI-H226), melanoma (UACC-257), ovarian cancer (SK-OV-3), renal cancer (TK-10) and
breast cancer (T47-D) cell lines compared to the positive control vinblastine (1). The result
shows that coupling the ineffective vindoline (3) with the appropriate molecule can result in a
strong antineoplastic compound. Several potent 7-aminoflavone derivatives were synthesized
from the ineffective chrysin (5). The developed method allowed us to synthesize diphenylamine

compounds via aromatic nucleophile substitution of phenols. Amongst the 7-aminochrysin

14



derivatives compound (165) showed outstanding cell proliferation inhibition on breast cancer
(MCF-7: Glsp = 30 nM) and colon cancer (HCT-15 Glso = 60 nM) cell lines.

The structure-activity relationship of the synthesized compounds enables us in the future
to rationally design new derivatives with potential anticancer effect. The results shown in the
dissertation can contribute to the synthesis of such compounds that in the future could become

drug candidates.
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