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Abstract. Podophyllotoxin is a lignan, first isolated from herbaceous plants of Podophyllum and
possess a potent antiviral and antitumor agent. Podophyllotoxin and its analogs exhibit
antineoplastic activities mainly by preventing the assembly of tubulin into microtubules or
inhibiting the catalytic activity of DNA topoisomerase Il. Recently, many series of novel
conjugates of 4-aza-2,3-didehydropodophyllotoxin analogs were synthesized and demonstrated
significant cytotoxicity. Some compounds inhibit tubulin polymerization comparable to
podophyllotoxin. These compounds were also shown to arrest the cell cycle in the G2/M phase
of cell cycle and to lead to caspase-3 dependent apoptotic cell death. In this paper, we report the
synthesis of five new 4-aza-2,3-didehydropodophyllotoxins by a straightforward multi-
component reaction in the hope of finding new structures with interesting anticancer activity.
The novelty in our work is the preparation of quinoline structural compounds of podophyllotoxin
derivatives, in two simple steps, having functional groups which are available for further
modifications. The “one-pot” synthesis process increased performance as well as minimized the
steps involved. The obtained compounds with podophyllotoxin frame have the corresponding
yields of 60 - 83 %. Five new 4-aza-2,3-didehydropodophyllotoxins demonstrated comparable
cytotoxicity against the Hep-G2, MCF7 cell lines with an 1Cs, value of 52.2 - 261.2 uM, and
with ellipsitine as the positive control.
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1. INTRODUCTION

Podophyllotoxin (1) is a lignan, first isolated by Podwyssotzki in 1880 from the dry roots
and rhizomes of the perennial North American herbaceous plants of Podophyllum such as P.
hexandrum and P. peltatum. Key chemical structures include podophyllotoxin,
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deoxypodophyllotoxin, 4’-demethylpodophyllotoxin, 4’-demethylepipodophyllotoxin (DMEP),
a-peltatin, B-peltatin, and their corresponding glycosides (Figure 1a) [1].

Podophyllotoxin is a potent plant-derived antiviral and antitumor agent. Critical
modifications on the skeleton of this natural compound led to the development of anticancer
drugs etoposide (2) and teniposide (3) (Figure 1b) which are approved for the treatment of
testicular cancer, and curently used for the treatment of other types of cancer, including small
cell lung cancer, testicular cancer, lymphoma, leukemia, and Kaposi’s sarcoma [2 - 7].
Mechanisms of action of the antineoplastic activities of podophyllotoxin analogs include
preventing the assembly of tubulin into microtubules or inhibiting the catalytic activity of DNA
topoisomerase 11, although other known and in some cases ambiguous mechanisms are also
involved [4-10].
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Figure 1. a) Podophyllotoxin (1), b) etoposide (2) teniposide (3).

Many years after its first clinical use, this aryltetralin lignan continues to be the subject of
extensive research with the challenge to design novel derivatives with superior pharmacological
profiles and broader therapeutic scope. Modifications of podophyllotoxin concern the removal of
the methylenedioxy group to give hydroxy, methoxy, or other oxygenated substituents;
replacement of the methylenedioxy ring with heteroaromatic ring systems in ring A; 5-
oxygenation to give hydroxy or alkoxy groups in ring B; extensive C4 modifications, including
C4 sugar- and nonsugar- (with O-, S-, N- and C- linkages) substituted derivatives, aromatization
of C ring [8 - 19]. Recently, many series of novel conjugates of 4-aza-2,3-
didehydropodophyllotoxins analogs were synthesized by a straightforward one-pot multi-
component reaction of substituted anilines, substituted arylaldehydes, and tetronic acid (Scheme
1) and demonstrated cytotoxicity against five human cancer cell lines (breast, oral, colon, lung
and ovarian) at nanomolar level. Some compounds exhibited tubulin polymerization inhibitory
activity comparable to podophyllotoxin by inhibiting microtubule growth without accelerating
microtubule decay. These compounds were shown to arrest the cell cycle in the G2/M phase of
cell cycle and to lead to caspase-3 dependent apoptotic cell death [20 - 24].

In this paper, we report the elaboration of some new analogs of 4-aza-2,3-
didehydropodophyllotoxins with various substituted anilines bearing methyl, methoxyl or chloro
groups and evaluate their cytotoxicity on different cancer cells.
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2. MATERIALS AND METHODS
2.1. Methods of determining structure

The NMR spectra were recorded using a Bruker DRX 500 spectrometer or Varian 400-MR
spectrometer. All coupling constants (J) were expressed in Hz. The chemical shifts () expressed
in ppm relative to tetramethylsilane, using CDCl;, DMSO as the solvent. The HRMS spectra
were obtained using SCIEX-X500R QTOF LC/MS system. Column chromatography were
performed using silica-gel (Kieselgel 60, 70-230 mesh and 230-400 mesh, Merck) and thin layer
chromatography (TLC) was performed using a precoated silica gel 60 F254 (0.25 mm, Merck).

2.2. Cytotoxic assay

Cytotoxic assays were performed according to a method developed by Monks et al,
which is being used at the National Institute of Health (USA) as a standard method for the
evaluation of the cytotoxic potential of compounds or extracts using a panel of human cancer
cell lines. The cancer cell lines MCF7 (human breast cancer), Hep-G2 (Hepatocellular
carcinoma) were provided by Prof. J. M. Pezzuto, Long Island University, USA and Prof.
Jeanette Maier, University of Milan, Italy and used for the assays.

The cells were cultured as a monolayer in Dulbeco’s Modified Eagle Medium (DMEM) or
RPMI-1640 (depending on the cell lines) with contents including 2 mM L-glutamine, 1.5 g/L
sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium pyruvate and
supplemented with fetal bovine serum (FBS) 10 %. The MCF7 medium was further added with
0.01 mg/mL bovine insulin. The cells were subcultured after 3 - 5 days at ratio of 1:3 and
incubated at 37 °C, 5 % CO, and 100 % humidity. The inhibitory rate of cell growth (IR) was
calculated using the following equation

IR = 100 % - [(ODt — ODO) / (ODc - OD0)] x 100

where: ODt : average OD value on day 3; ODO: average OD value at time-zero; ODc: average
OD value of the blank DMSO control sample. The cytotoxicities were calculated and expressed
as inhibition concentration at 50 % (ICs, values). Ellipticine was served as a positive control. In
our experiments, the isolated compounds were dissolved in DMSO 100 % at 4 mg/mL as stock
solution. The final concentration of testing compound for screening assay is 20 ug/mL. The ICs
values of promising agents will be determined by testing a series of sample concentrations at
100, 20, 4 and 0.8 pg/mL. Experiments were carried out in triplicate to ensure data accuracy.
The TableCurve 2Dv4 software was used for data analysis and for ICs, calculation. The 1Cs
values should have small deviations throughout the experiments.

2.3. Synthetic methods

The amines (1) (1 equiv.) was added to a solution of 1 (1.0 mmol) and tetronic acid (2) (1
equiv.) in dioxane (5 mL). The resulting mixture was stirred under reflux conditions for 6 h.
Then, the mixture was concentrated in vacuo to remove dioxane giving a residual. The solution
of 2 TFA (5 mL), aromatic aldehydes (4) (1.0 equiv) and p-chloranil (5) (1.0 mmol) was stirred
at room temperature for 30 min, then the product of reaction 1 was added, and the mixture was
refluxed for another 6 h. Reaction progress was monitored by TLC until no starting material
remained. After the reaction was completed, 25 mL of water was added to quench the reaction
and the aqueous layer was extracted with CH,Cl, (20 mL x 3). Finally, the combined organic
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phase was washed with brine (25 mL x 2), dried on anhydrous sodium sulfate, and concentrated
to provide a crude product, which was then purified by column chromatography (10 - 30 %
EtOACc in hexane) to give the corresponding (6).

7-methoxy-9-(3,4,5-trimethoxyphenyl)furo[3,4-b]quinolin-1(3H)-one (6a)

R = p-OMe (C,;H1sNOg), colorless solid (65 %) with solvent (ethyl acetate) column
chromatography: n—hexan = 15/1-10/1. *"H NMR (500 MHz, DMSO) & 3.79 (s, 9H, 3-OMe);
3.81 (s, 3H, OMe); 5.48 (s, 2H, CHy,); 6.85 (s, 2H, Ph); 7.24 (d, J=3.0, 1H, Ph); 7.68 (dd,
J=3.0, J=9.3, 1H, Ph); 8.13 (d, J=9.3, 1H, Ph); *C NMR (125 MHz, CDCls): 3 55.4; 56.2
(2C); 60.3; 69.1; 105.2; 107.6 (2C); 113.6; 124.4; 127.0; 127.2; 130.4; 138.0 146.7; 148.1;
152.5; 157.6; 161.9; 166.6. HR-MS, m/z = 382.1266 ([M+H]", CxH,NO"; calc. 382.1285).

5-methoxy-9-(3,4,5-trimethoxyphenyl)furo[3,4-b]quinolin-1(3H)-one (6b)

R = 0-OMe (Cy;HyyNOg), pale yellow solid (73 %) with ethyl acetate column
chromatography: n-hexan = 15/1-10/1. *"H NMR (500 MHz, DMSO) § 3.84 (s, 9H, 3-OMe);
3.86 (s, 3H, OMe); 5.53 (s, 2H, CH,); 6.90 (s, 2H, Ph); 7.28 (d, J=2.8, 1H, Ph); 7.72 (dd,
J=2.8,J=9.0, 1H, Ph); 8.17 (d, J=9.0, 1H, Ph); *C NMR (125 MHz, CDCls): ¢ 55.9; 56.6
(2C); 60.6; 69.5; 105.7; 108.1 (2C); 114.2; 125.4; 127.5; 127.8; 131.0;138.5;147.3; 148.6; 153.1;
158.2; 162.4; 168.2. HR-MS, m/z = 382.1266 ([M+H]", C,1H,NOs"; calc. 382.1285).
5-amino-9-(3,4,5-trimethoxyphenyl)-4,9-dihydrofuro[3,4-b]quinolin-1(3H)-one (6c)

R = 0-NH, (CyH2N,0s), bright yellow solid (83 %) with column chromatography of
dichlomethane solvent: Methanol = 15/1-10/1. *H NMR (500 MHz, DMSO) § 3.56 (s, 3H,
OMe); 3.59 (s, 6H, 2-OMe); 4.88 (d, J=3.8 Hz, 2H, CH,); 4.98 (d, J=4.3 Hz, 1H, CH); 5.98 (d,
J=4.5Hz, 1H, Ph); 6.42 (s, 2H, NH,); 6.61 (dd, J=7.5 Hz, J=2.0 Hz, 1H, Ph); 6.74 (td, J=8.9
Hz, J=2.0 Hz, 2H, Ph); 6.90 (dd, J=2.0, J=7.5 Hz, 1H, Ph); 9.80 (s, 1H, NH); *C NMR (125
MHz, CDCls): ¢ 56.1 (2C); 57.8; 60.3; 66.4; 97.2; 105.2 (2C); 119.9; 121.2; 123.4 (2C); 131.9;
136.6; 138.0;140.0; 152.8 (2C); 159.1; 173.3. HRMS, m/z = 367.1287 ([M - H]", CxH;7NOs’;
calc. 367.1299).
7-methyl-9-(3,4,5-trimethoxyphenyl)furo[3,4-b]quinolin-1(3H)-one (6d)

R = p-Me (CxHjoNOs), dark yellow solid (68 %) with n-hexane solvent column
chromatography: Ethylacetate= 15/1-10/1. *H NMR (500 MHz, DMSO) § 2.48 (s, 3H, Me); 3.77
(s, 6H, 2-OMe); 3.81 (s, 3H, OMe); 5.49 (s, 2H, CH,); 6.76 (s, 2H, Ph); 7.66 (s, 1H, Ph); 7.82
(dd, J=8.5 Hz, J=2.0 Hz, 1H, Ph); 8.08 (d, J=8.5 Hz, 1H, Ph); **C NMR (125 MHz, CDCl):
0 21.7; 55.6 (2C); 60.6; 69.6; 108.1 (2C); 113.9; 126.6; 126.7; 127.6; 129.2; 135.2; 137.6;
138.4;149.6 (2C); 153.0 (2C); 163.7; 168.1. HRMS, m/z = 366.1310 ([M+H]", CxHxNOs™;
calc. 366.1336).
6-chloro-9-(3,4,5-trimethoxyphenyl)furo[3,4-b]quinolin-1(3H)-one (6e)

R = m-Cl (CxH1sCINOs), bright yellow solid (60 %) with n-hexane solvent column
chromatography: Ethylacetate = 10/1 - 5/1. "H NMR (500 MHz, DMSO) § 3.72 (s, 6H, 2-OMe);
3.78 (s, 1H, OMe); 552 (s, 2H, CH,); 6.67 (s, 2H, Ph); 7.79 (dd, J=7.8 Hz, J=1.5 Hz, 1H, Ph);
7.94 (m, 1H, Ph); 8.20 (dd, J=8.5 Hz, J=1.5 Hz, 1H, Ph); *C NMR (125 MHz, CDCls): ¢ 56.5
(2C); 60.8; 69.1; 107.6 (2C); 116.4; 124.0; 129.8; 131.3 (2C); 132.6; 132.9 (2C); 138.3; 150.2;
152.5; 152.7 (2C); 164.5; 167.2. HR-MS, m/z = 386.0775 ([M+H]", C,H:,CINOs"; calc.
386.0790).
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3. RESULTS AND DISCUSSION

Some new 4-aza-2,3-didehydropodophyllotoxins were synthesized in two steps in Scheme
2. The intermediates of the reaction between aniline derivatives and tetroic acid were condensed
with trimethoxyl benzadehyd in an "one pot" reaction. The novelty in our work is the preparation
of quinoline structural compounds of podophyllotoxin derivatives, in two simple steps, having
functional groups which are available for further modifications. The novel furan compounds
were prepared by the reaction between commercially available substituted anilines and tetronic
acid in dioxane (step 1). Step 2 is a reaction between novel furan, aldehyde and catalyst p-
chloranilin TFA (Scheme 2). The desired quinoline derivatives of podophyllotoxin were
obtained with good yield (60 — 83 %). All structures were elucidated with the help of *H, **C-
NMR and HR-MS.
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Scheme 1. Retrosynthesis of 4-aza-2,3-didehydropodophyllotoxins.
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Scheme 2. Synthesis of 4-aza-2,3-didehydropodophyllotoxins.

This method is continuous, fast and effective, producing clean products with high yields.
The structure of the obtained products was determined by ‘H-NMR, *C-NMR and HR-MS
spectroscopic methods. Spectral data confirmed that five new substances were synthesized for
the first time.

The cytotoxicity of five compounds and ellipticine as a positive control were evaluated for
their inhibition rate of cell growth against two human tumor cell lines (Hep-G2 and MCF7) by a
method developed by Monks et al. and the results are summarized in Table 1, showing that new
compounds containing amino, chlorine groups indicated an average and more prominent activity
with MCF7 than the others.
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Table 1. The cytotoxicity of new compounds against two human cancer cell lines Hep-G2, MCF7.

Entry Compound R ICoo (M)
Hep-G2 MCF7

1 6a p-OCH;3 261.2+ 2.6 217.4+5.6
2 6b 0-OCH3 205.1+5.0 148 + 15.9
3 6c 0-NH, 104.8 £10.3 75.3 6.2
4 6d p-Me 98.9+10.8 77.7+£55
5 6e m-Cl 88.2+9.1 52.2+6.3

Ellipticine 21+01 15 £0.12

4. CONCLUSIONS

We have successfully synthesized five new toxins 4-aza-2,3-didehydropodophyllotoxins by

a straightforward multi-component reaction process with the yield of 60 — 83 %. The obtained
products demonstrated comparable cytotoxicity against the Hep-G2, MCF7 cell lines with an
ICs value of 52.2 - 261.2 uM. The research will be continued in the near future with the
expectation of finding highly selective anti-cancer substances.
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