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1. INTRODUCTION
My doctoral research project was carried out in the Alkaloid Chemistry Research Group of
the Department of Organic Chemistry and Technology, where I dealt with the synthesis of
organic antitumor substances. My work was focused on the famous Vinca alkaloid family1-3
(Fig. 1). These naturally occurring compounds have an indole-skeleton and they can be isolated
from the leaves of Catharanthus roseus. From the natural representatives (1-4) only vinblastine
(3) and vincristine (4) have antiproliferative effect, however, these molecules have complex
structure and serious side effects, too. Their structures differs with only a single functional
group (N1). The two subunits of these dimeric alkaloids are catharanthine (1) and vindoline (2).
Representatives of the natural (3 and 4) and semisynthetic (23-25) dimers of the alkaloid family
are still being used in cancer therapy, especially in various lymphomas and leukemia. They are
most commonly used as part of chemotherapy combination treatments (drug cocktails).

Figure 1. Catharanthine (1), vindoline (2), vinblastine (3), and vincristine (4) as representatives of the wellknown Vinca alkaloid family.

Vinca alkaloids exert their anticancer activity by inhibiting the function of microtubules
and thus restraining the mitotic (M) phase of cell division4, 5. These drugs can bind to the tubulin
molecules required for the formation of the mitotic spindle, thereby block the dynamics of the
microtubules that ultimately inhibits mitosis and leads to cell death.
The numbering of the compounds in the thesis booklet is the same as listed in the dissertation.
1

Noble, R.L.; Beer, C.T.; Cutts, J.H. Role of chance observations in chemotherapy: Vinca rosea. Ann. N.Y. Acad.
Sci. 1958, 76, 882-894.
2
Moudi, M.; Go, R.; Yien, C.Y.; Nazre, M. Vinca Alkaloids. Int. J. Prev. Med. 2013, 4, 1231-1235.
3
Almagro, L.; Fernández-Perez, F.; Pedreno, M.A. Indole alkaloids from Catharanthus roseus: bioproduction and
their effect on human health. Molecules 2015, 20, 2973-3000.
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Himes, R.H. Interactions of the catharanthus (Vinca) alkaloids with tubulin and microtubules. Pharmacol. Ther.
1991, 51, 257-267.
5
Mukhtar, E.; Adhami, V.M.; Mukhtar, H. Targeting Microtubules by Natural Agents for Cancer Therapy. Mol.
Cancer Ther. 2014, 13, 275-284.
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2. AIMS AND SCOPE
As a PhD-student, I was involved in the development of Vinca alkaloids and the production
of new derivatives. The task aimed at treating cancer as a serious disease more effectively,
however, it was also a synthetic challenge, since work on Vinca alkaloids is a chemically
difficult field to cultivate. My research project could be divided into three basic parts (for a
summary, see Fig. 2):
2.1. Production of halogenated Vinca alkaloids
I aimed to synthesize Vinca alkaloids containing fluorine and dichlorocyclopropane ring. I
mainly dealt with the fluorination of vindoline (2) and I investigated the reactions of vinblastine
(3) and vincristine (4) with dichlorocarbene.
2.2. Epoxidation experiments starting from catharanthine (1)
2.3. Preparation of Vinca alkaloids linked to natural and synthetic pharmacophores by
molecular hybridization
The synthesis of hybrid molecules is also a common practice in modern drug discovery,
although in many cases it is debated what complex structures can be considered truly as hybrids.
The general goal is to increase the efficacy and / or reduce the side effects by incorporating two
or more pharmacophore units into one single molecule so as to obtain selective anticancer drugs
that can interact with multiple receptors, i.e., have several beneficial biological effects6-9. Our
research group has previously produced Vinca derivatives coupled to amino acids10, 11 and
steroids, respectively. Due to the promising biological results of linking with tryptophan (Trp)
and certain steroids, I also had the opportunity to become involved in these research projects.
A major advantage of linking with amino acids is that the given products, bound to carrier
peptides, are able to enter directly the cell, thereby enabling more targeted therapy. On the other
hand, the steroid vector can facilitate the penetration of the drug into the cell.
6

Meunier, B. Hybrid molecules with a dual mode of action: dream or reality? Acc. Chem. Res. 2008, 41, 69-77.
Nepali, K.; Sharma, S.; Sharma, M.; Bedi, P.M.S.; Dhar, K.L. Rational approaches, design strategies, structure
activity relationship and mechanistic insights for anticancer hybrids. Eur. J. Med. Chem. 2014, 77, 422-487.
8
Shaveta; Mishra, S.; Singh, P. Hybrid molecules: The privileged scaffolds for various pharmaceuticals. Eur. J.
Med. Chem. 2016, 124, 500-536.
9
Choudhary, S.; Singh, P.K.; Verma, H.; Singh, H.; Silakari, O. Success stories of natural product-based hybrid
molecules for multi-factorial diseases. Eur. J. Med. Chem. 2018, 151, 62-97.
10
Bánóczi, Z.; Gorka-Kereskényi, Á.; Reményi, J.; Orbán, E.; Hazai, L.; Tökesi, N.; Oláh, J.; Ovádi, J.; Béni, Z.;
Háda, V.; Szántay, Cs. Jr.; Hudecz, F.; Kalaus, Gy.; Szántay, Cs. Synthesis and in Vitro Antitumor Effect of
Vinblastine Derivative-Oligoarginine Conjugates. Bioconjug. Chem. 2010, 21, 1948-1955.
11
Keglevich, P.; Hazai, L.; Gorka-Kereskényi, Á.; Péter, L.; Gyenese, J.; Lengyel, Zs.; Kalaus, Gy.; Dubrovay,
Zs.; Dékány, M.; Orbán, E.; Szabó, I.; Bánóczi, Z.; Szántay, Cs. Jr.; Szántay, Cs. Synthesis and in vitro Antitumor
Effect of New Vindoline Derivatives Coupled with Amino Acid Esters. Heterocycles 2013, 87, 2299-2317.
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Attempts have also been made to obtain Vinca alkaloid conjugates coupled with synthetic,
generally known pharmacophores, such as morpholine, piperazine, N-methylpiperazine and
triphenylphosphine. The starting material was vindoline (2) in most cases. This monomer has
not got anticancer activity in itself, however, it was presumed, that its efficacy could be
promoted by linking it to the mentioned synthetic pharmacophore units.
As a summary, I aimed to prepare halogen-substituted Vinca derivatives and to perform
epoxidation and pharmacophore hybridization experiments. I designed the various structural
modifications and couplings primarily on vindoline (2) and the vindoline subunit of the dimer
alkaloids (3 and 4), respectively.

Figure 2. Summary of the target compounds.

I planned to test the antitumor activity of the new Vinca derivatives on different cancer cell
lines in vitro.

3. EXPERIMENTAL METHODS
In the course of the synthetic work, I used preparative organic chemical methods with due
regard for safety considerations. The progress of the reactions and the purity of the products
were checked by thin layer chromatography. Purification of the crude products was carried out
by preparative thin layer chromatography. Structure identification was achieved by nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry (MS). The recording and
evaluation of the NMR and MS spectra were performed by the staff of the Spectroscopic
Research Department of Gedeon Richter Plc. In addition to the chemical development of drugs,
I also dealt with the cytotoxic evaluation of several new compounds. The biological studies
were performed on different cancer cell lines at several sites. Our cooperation partners were the
National Institutes of Health (NIH, USA), the University of Szeged (Department of
Pharmacodynamics

and

Biopharmacy,

Department

of

Medical

Microbiology and

Immunobiology) and the MTA-ELTE Research Group of Peptide Chemistry.

5

4. RESULTS
4.1. CHEMICAL RESULTS
The fluorination of the monomer vindoline (2) with xenon difluoride provided an 8-fluoroquinoidal derivative (84, Fig. 3) of vindoline (2).

Figure 3. The structure of quinone 84, fluorinated in position 8.

The purpose of the dichlorocarbene experiments was to build up a chlorocyclopropane ring
in place of the C(14)=C(15) carbon-carbon double bond of the vindoline subunit of the natural
Vinca alkaloid dimers (3 and 4). By performing the classical dichlorocarbene reaction12, ringopened oxirane derivatives were isolated in both cases (87 and 88, Fig. 4).

Figure 4. The dichlorocarbene reactions on 3 and 4 led to ring-opened oxirane derivatives (87 and 88).

In the epoxidation experiment13 of catharanthine (1) with meta-chloroperoxybenzoic acid
in the presence of perchloric acid, I obtained a catharanthine derivative containing a hydroxyl
group in position 7 (90) and an oxidized, ring-reduced spiro derivative (91) (Fig. 5) of 1.
Keglevich, Gy.; Keserű, Gy.M.; Forintos, H.; Szöllősy, Á.; Ludányi, K.; Tőke, L. The effect of a sterically
demanding P-substituent on the reactivity of P-heterocycles: selective transformations during the ring enlargement
of a 1-(2,4,6-triisopropylphenyl)-2,5-dihydro-1H-phosphole 1-oxide. J. Chem. Soc. Perkin Trans. 1, 1999, 13,
1801-1805.
12

Éles, J.; Kalaus, Gy.; Greiner, I.; Kajtár-Peredy, M.; Szabó, P.; Keserű, Gy.M.; Szabó, L.; Szántay, Cs. Synthesis
of Vinca Alkaloids and Related Compounds. 100. Stereoselective Oxidation Reactions of Compounds with the
Aspidospermane and Quebrachamine Ring System. First Synthesis of Some Alkaloids Containing the Epoxy Ring.
J. Org. Chem. 2002, 67, 7255-7260.
13
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Figure 5. Structure of the major (90) and the minor (91) product derived from the oxidation of 1.

The coupling reaction of the by-product (91) and vindoline (2) was carried out according
to a general procedure formerly used by our research group14, 15. Instead of the expected
bisindole (92), two similar trimeric vindoline derivatives (93 and 94, Fig. 6) were obtained.

Figure 6. The isolated vindoline trimers: a cationic trimeric vindoline (93) and a trimeric vindoline keton (94).

Continuing the previous work of the research group, I successfully prepared the (D)tryptophan-coupled derivative of 10-bromo-14,15-cyclopropanovindoline in position 16 in six
steps (65, Fig. 7). In this form, 65 can be linked to various carrier peptides (e.g., octaarginine),
that can greatly increase its biological efficacy.
Keglevich, P., Hazai, L., Dubrovay, Zs., Dékány, M., Szántay, Cs., Jr., Kalaus, Gy., Szántay, Cs.: Bisindole
alkaloids condensed with a cyclopropane ring. Part 1. 14,15-Cyclopropanovinblastine and -vincristine.
Heterocycles 2014, 89, 653-668.
15
Keglevich, P., Hazai, L., Dubrovay, Zs., Sánta, Zs., Dékány, M., Szántay, Cs., Jr., Kalaus, Gy., Szántay, Cs.:
Bisindole alkaloids condensed with a cyclopropane ring. Part 2. Cyclopropano-vinorelbine and its derivatives.
Heterocycles 2015, 90, 316-326.
14
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Figure 7. Structure of the (D)-tryptophan-linked vindoline derivative (65).

In collaboration with the Department of Organic Chemistry of University of Szeged, after
several attempts, I successfully prepared the aimed steroid-vindoline-type hybrid molecule
(100, Fig. 8) formed from 19-nortestosterone hemisuccinate (70) and 17-desacetylvindoline16
(99) by the so-called mixed anhydride method. Biological studies of 100 have shown that the
compound has a more active antitumor effect not only as compared to vindoline (2) but also to
vinblastine-sulfate (3) on several cell lines (see Table 1 later).

Figure 8. Structure of hybrid molecule 100 composed of 19-nortestosterone hemisuccinate (70) and 17desacetylvindoline (99) subunits.

Coupling with tryptophan (Trp) and 19-nortestosterone hemisuccinate has shown that the
antitumor activity of the non-cytotoxic vindoline (2) can be promoted by conjugation with
appropriately selected structural units. Our group also wanted to confirm this thesis by using
synthetic pharmacophores. We wished to introduce pharmacophore units containing
phosphorus or nitrogen. In the first step of the molecular hybridization, I coupled 17desacetylvindoline16 (99) obtained from vindoline (2) by a simple hydrolysis16 with
bromocarboxylic acids with different alkyl chain lengths in position 17 (Fig. 9).

16

Passarella, D.; Giardini, A.; Peretto, B.; Fontana, G.; Sacchetti, A.; Silvani, A.; Ronchi, C.; Cappelletti, G.;
Cartelli, D.; Borlak, J.; Danieli, B. Inhibitors of tubulin polymerization: Synthesis and biological evaluation of
hybrids of vindoline, anhydrovinblastine and vinorelbine with thiocolchicine, podophyllotoxin and baccatin III.
Bioorg. Med. Chem. 2008, 16, 6269-6285.
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Figure 9. Synthesis of the linker-containing bromoalkyl ester derivatives (101-104).

Two representatives (102 and 103) of the vindoline derivatives obtained by the Steglich
Esterification17 type reactions could already be coupled directly with triphenylphosphine (107
and 108, Fig. 10).

Figure 10. Structure of the phosphonium salts (107 and 108) synthesized from 102 and 103, respectively.

17-(4-Bromobutanoyloxy)vindoline (102) was also successfully coupled to morpholine,
piperazine, and N-methylpiperazine (109-111, Fig. 11).

Figure

11.

N-alkylation

of

morpholine,

piperazine,

and

bromobutanoyloxy)vindoline (102). VIN = 17-desacetylvindoline unit.

N-methylpiperazine

with

17-(4-
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During the coupling experiment of the 107 phosphonium salt and the (E)-chalcone, under
the conditions of the Wittig reaction18 (potassium tert-butylate, tetrahydrofuran, 0 °C), I
obtained a vindoline diphenylphosphinoxide derivative (114, Fig. 12) instead of the expected
isomer mixture (112 and 113).

Figure 12. Structure of derivative 114 obtained under Wittig reaction conditions.

In the Arbuzov reaction19 of 17-(4-bromobutanoyloxy)vindoline (102) and triethyl
phosphite [P(OEt)3], after optimizing the reaction conditions, I successfully obtained the
expected phosphonate derivative (117) beside a cyclopropanecarboxylate derivative of
vindoline (116) (Fig. 13).

Figure 13. The structure of the products (116 and 117) obtained in the reaction of 102 and triethyl phosphite.

17

Neises, B.; Steglich, W. Simple Method for the Esterification of Carboxylic Acids. Angew. Chem. Int. Ed. Engl.
1978, 17, 522-524.
18

Wittig, G.; Geissler, G. Zur Reaktionsweise des Pentaphenyl‐phosphors und einiger Derivate. Justus Liebigs
Ann. Chem. 1953, 580, 44-57.
19

Michaelis, A.; Kaehne, R. Ueber das Verhalten der Jodalkyle gegen die sogen. Phosphorigsäureester oder OPhosphine. Ber. Dtsch. Chem. Ges. 1898, 31, 1048-1055.
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Hybridization experiments were also extended to the natural dimeric alkaloid vinblastine
(3). 3 was hydrolysed and O-acylated first with 4-bromobutyric acid (119), then successfully
coupled to N-methylpiperazine (121) (Fig. 14).

Figure 14. The coupling experiment of vinblastine (3) and N-methylpiperazine led to the expected hybrid
molecule (121).
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4.2. BIOLOGICAL RESULTS
The 84 fluorinated vindoline derivative was sent to the University of Szeged for biological
evaluation, where the tests were performed on two cancer cell line pairs (a drug sensitive cell
line and its multi-drug resistant counterpart): L5178 mouse lymphoma and human breast cancer
cell lines. No toxic effect was observed on any of the cell lines, however, compound 84 could
effectively sensitize L5178MDR to doxorubicin (8).
The in vitro antitumor activity of other vindoline derivatives was studied at the National
Institutes of Health (NIH). Some of the investigated compounds exhibited significant growth
inhibition in the one-dose screen20, therefore these candidates (100, 107 and 108, 110) were
evaluated further against the 60 cell panel at five concentration levels (five-dose screen20), also
at the NIH, US. The most promising GI50 values are listed in Table 1. Based on five-dose
measurements, the 107 phosphonium salt was the most effective from the tested vindoline
derivatives. It provided not only the lowest GI50 value in the entire NCI-60 panel (6.55*10-8 M
against the HOP-92 cell line) but also showed higher activity than vinblastine sulfate (3) – used
as reference – against several cell lines (Table 1).
3

100

107

108

110

119

GI50 values (µM) – concentration that causes 50% growth inhibition
Non-small cell lung cancer
EKVX

11.4

1.70

0.470

0.586

1.44

1.44

NCI-H226

25.6

2.07

2.04

1.93

1.73

5.87

SK-MEL-2

0.0223

1.24

0.322

0.279

1.88

0.282

SK-MEL-28

11.1

2.17

0.261

0.532

1.40

nd

UACC-257

20.5

2.65

0.240

0.215

1.96

2.56

4.94

2.04

0.894

0.725

2.07

1.22

TK-10

7.15

1.91

1.48

2.82

1.30

1.41

UO-31

0.0287

0.997

10.8

12.2

1.10

0.0649

8.59

1.79

0.192

0.303

1.60

nd

Melanoma

Ovarian cancer
SK-OV-3
Renal cancer

Breast cancer
T-47D

3: Vinblastine-sulfate (reference)
100: 19-Nortestosterone hemisuccinate – 17-desacetylvindoline hybrid molecule
107: Vindoline derivative coupled with triphenlyphosphine (n=3)
108: Vindoline derivative coupled with triphenlyphosphine (n=4)
110: Vindoline dimer linked by piperazine
119: 17-(4-bromobutanoyloxy)vinblastine
Table 1. GI50 values (µM) on some selected cell lines determined by NCI-60 five-dose screen..
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It is particularly outstanding that 107 and 108 phosphonium salts against the represented
non-small cell lung cancer (EKVX and NCI-H226), two melanoma (SK-MEL-28 and UACC257) and a breast cancer (T-47D) cell lines provided approx. one order of magnitude lower GI50
values than vinblastine sulfate (3), which is used in clinical therapy. The 100 vindoline-steroid
hybrid and the 110 piperazine-linked vindoline dimer also had impressive antitumor activity
approaching 107 and 108. These compounds (100 and 110) were also more active than
vinblastine sulfate (3) against several cell lines (EKVX, NCI-H226, SK-MEL-28, UACC-257,
SK-OV-3, TK-10 and T-47D).
Biological studies at University of Szeged confirmed the excellent antitumor activity of
compounds 107, 108 and 110, respectively (Table 2). 107 and 108 against the human cervical
cancer SiHa cell line were approx. one order of magnitude more effective than vinblastine
sulfate (3). Against SiHa, 110 showed a little bit weaker, but still lower GI50 value than 3.
IC50 (µM)
CELL LINE /
COMPOUND

HeLa

SiHa

Human cervical cell lines

MCF-7

MDA-MB-231

Human breast cell lines

REFERENCES

2

>30

>30

>30

>30

3

< 0.1

14.42

< 0.1

< 0.1

99

>30

>30

>30

>30

NEW VINDOLINE-HYBRIDS

107

2.05

0.78

0.61

0.81

108

5.62

1.63

1.08

1.47

109

>30

>30

>30

>30

110

3.21

2.85

3.63

3.52

111

9.36

>30

14.10

25.49

2: Vindoline (reference); 3: Vinblastine-sulfate (reference); 99: 17-Desacetylvindoline (reference)
107: Vindoline derivative coupled with triphenlyphosphine (n=3)
108: Vindoline derivative coupled with triphenlyphosphine (n=4)
109: 17-(4-Bromobutanoyloxy)vindoline coupled with morpholine
110: Vindoline dimer linked by piperazine
111: 17-(4-Bromobutanoyloxy)vindoline coupled with N-methylpiperazine
Table 2. IC50 values of some vindoline hybrids (107-111) on gynecological tumor cell lines compared to
references.
20

National Institutes of Health, National Cancer Institute, Division of Cancer Treatment & Diagnosis,
Developmental Therapeutics Program, 2020.
https://dtp.cancer.gov/discovery_development/nci-60/methodology.htm
https://dtp.cancer.gov/databases_tools/docs/compare/compare_methodology.htm
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5. THESES
1. In halogenation experiments of Vinca alkaloids, I prepared a quinoidal vindoline derivative
fluorinated at position 8 (84) that was able to sensitize the effect of doxorubicin (8) on a resistant
mouse lymphoma cell line (L5178MDR). [KA1]
2. In classical dichlorocarbene experiments of vinblastine (3) and vincristine (4), I synthesized
ring-opened oxirane derivatives (87 and 88). I proposed a possible mechanism of the oxirane
formation. In the coupling reaction of the 91 catharanthine derivative (formed in the epoxidation
experiment of 1) and vindoline (2), I isolated two similar trimeric vindoline derivatives (93 and
94) containing a cationic O-methyl and a ketone functional group, respectively. [KA3]
3. I synthesized a 10-bromo-14,15-cyclopropano-17-desacetylvindoline (65) derivative
coupled with (D)-tryptophan in six steps. [KA2]
4. I prepared a 19-nortestosterone hemisuccinate – 17-desacetylvindoline hybrid molecule
(100), which was more active against several tumor cell lines than vinblastine sulfate (3). [KA6]
5. Reactions between bromocarboxylic acids with different alkyl chain lengths and 17desacetylvindoline (99) resulted in O-acylated vindoline derivatives (101-104). Two of these
linker-containing bromoalkyl esters (102 and 103) could be coupled with triphenylphosphine.
The obtained phosphonium salts (107 and 108) showed outstanding antitumor activity, even
more significant than vinblastine sulfate (3) against several cell lines based on the in vitro
biological studies of NIH and SZTE. [KA4, KA5]
6. I synthesized vindoline hybrid molecules containing different N-heterocycles (morpholine,
piperazine, and N-methylpiperazine) (109–111). The piperazine-linked vindoline-dimer (110)
was more efficient than vinblastine sulfate (3) against several cell lines. [KA7]
6. POSSIBLE APPLICATIONS
A significant antitumor effect was presumed by coupling amino acids, steroids and synthetic
pharmacophores such as morpholine, piperazine, N-methylpiperazine and triphenylphosphine
to vindoline (2). Several hybrid molecules (100, 107 and 108, 110) demonstrated promising
antitumor effect, and may be considered as promising leads, particularly against certain types
of non-small cell lung cancer, melanoma and cervical cancer. The results of the in vitro
biological studies confirmed that the antitumor activity of vindoline (2) can be promoted and
suggest that it is possible to induce vindoline (2) to become a real anticancer drug by
conjugating it with suitable pharmacophores.
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