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Pontchaillou, 2 rue Henri Le Guilloux, 35033, Rennes Cedex, France, 3EA 2962 - Pharmacochimie, UFR des Sciences
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Abstract
Cell cycle progression is dependent on intracellular iron level and chelators lead to iron depletion and decrease cell proliferation.
This antiproliferative effect can be inhibited by exogenous iron. In this work, we present the synthesis of new synthetic
calix[4]arene podands bearing two aspartic/glutamic acid, ornithine groups or hydrazide function at the lower rim, designed as
potential iron chelators. The synthesis only afforded calix[4]arenes in the cone conformation. We report their effect on cell
proliferation, in comparison with the new oral chelator ICL670A (4-[3,5-bis-(2-hydroxyphenyl)-1,2,4-triazol-1-yl]-benzoic
acid). The antiproliferative effect of these new compounds was studied in the rat hepatoma cell line Fao by measuring
mitochondrial succinate dehydrogenase activity. Their cytotoxicity was evaluated by extracellular LDH activity. Preliminary
results indicated that among all tested compounds, monohydrazidocalix[4]arene 2 which is not cytotoxic in Fao cells exhibits
interesting antiproliferative activity. This effect, independent on iron depletion, remains to be further explored. Moreover, it also
shows that new substituted calix[4]arenes could open the way to new valuable medicinal chemistry scaffolding.
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Introduction

Iron balance in man is essentially controlled by

absorption of dietary iron in the proximal small

intestine, because excretory pathways are extremely

limited [1]. As a result, an accumulation of iron in the

body, particularly in the liver, leads to iron overload

which is toxic and can induce hepatocellular

carcinoma development as observed in genetic and

secondary hemochromatosis [2–3]. Iron is also

necessary for cellular proliferation and we have

previously demonstrated that iron overload is asso-

ciated with increased DNA synthesis and mitotic

index in rat hepatocyte cultures stimulated by

epidermal growth factor [4]. Moreover, several

studies, using different models, show that iron is

implicated in tumor cell growth [5–6] and the risk of

developing an hepatocellular carcinoma appears to be

related to the level and duration of iron overload [7–

8]. This is probably why hemochromatosis is

frequently complicated by a hepatocellular carcinoma.

Thus, there is a great interest in the search for new

iron chelators in order to decrease iron overload in

genetic and secondary hemochromatosis. Indeed, iron

depletion by different iron chelators has been shown to

inhibit proliferation of various cell lines and normal
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activated lymphocytes in vitro [9–11]. We have

previously demonstrated that iron depletion, induced

by deferoxamine (DFO), the hydroxypyridin-4-one

CP20 or O-trensox decreases DNA synthesis in both

normal and transformed hepatocytes [12–14]. Thus,

in view of these data, iron chelators have been

proposed as promising antiproliferative agents in the

treatment of human cancer.

However, DFO used for the treatment of iron

overload, neuroblastoma and other diseases such as

malaria [15–16] is poorly absorbed by the gastroin-

testinal tract; furthermore, continuous exposure to

DFO causes a dose- and time-dependent cytotoxicity

[17]. Therefore, various new iron chelators have

been designed for clinical use. Among them, the

bidentate hydroxypyridinone deferiprone (CP20) is

the major molecule used for the treatment of

secondary iron overload [18–20], but this chelator

has been shown to induce a severe neutropenia [21].

The orally active tridentate ICL670A is of special

interest [21–22], because it induces a cell cycle

arrest in S phase associated with a decrease of the

polyamine levels which could result from an

inhibition of polyamine biosynthesis probably by

ODC inactivation [23].

Cyclodextrins have long been used in medicinal and

biomimetic chemistry, and other cavity-containing

synthetic macrocycles, such as cyclophanes, are

popular in host-guest chemistry and enzyme mimics.

Thus, calix[4]arenes, cyclic tetramers composed of

four phenolic and four methylene moieties [24–26],

are emerging as a new class of synthetic hosts enjoying

interest in several areas of bioorganic and biomimetic

chemistry. Many calixarene derivatives have been

proposed and tested as potential bioactive com-

pounds. Calixarene derivatives are also active as

antitumoral, antiviral, antimicrobial, anti-thrombotic

and antifungal agents [27–28]. A remarkable activity

is found in the treatment of infections by enveloped

viruses like HIV, herpes simplex and influenza viruses

[29].

Thus, taking into account our experience in the field

of the synthesis of new compounds of the type

calix[4]arenes [30–32] we prepared new calix[4]arene

podands 1a–g bearing two aspartic/glutamic acid or

ornithine groups at the lower rim, and a mono

hydrazidocalixarene 2 (Figure 1).

Selective introduction of two peptidic groups into

calix[4]arenes locked in the cone conformation should

improve their hydrophilic character, as well as their

chelator behaviour towards iron. The interest of these

new molecules consists in their possible therapeutic

applications related to secondary iron Fe2þ overloads.

We present here preliminary results concerning the

synthesis, the chelating effects against hydroxyl radical

formation and the biological effects in rat hepatoma

cell culture of the first representative compounds 1

and 2 of this chemical series.

Materials and methods

Chemistry

Instrumentation. Melting points were determined with

an SM-LUX-POL Leitz hot-stage microscope and

reported uncorrected. Infrared (IR) spectra were

determined in KBr discs on a NICOLET-210

spectrometer. NMR spectra were recorded on a

BRUKER AVANCE 500 spectrometer (500 MHz).

Chemical shifts refer to tetramethylsilane which was

used as an internal reference. Mass spectra were

recorded on a Micromass-Waters Q-TOF Ultima

spectrometer. The peptides were analyzed on an

analytical reverse-phase HPLC Shimadzu instrument

with a prosphere 100 C18 5mm column

(4.6 £ 150 mm) using a linear gradient of: (A) 0.1%

(v/v) TFA in water and (B) 0.1% (v/v) TFA

acetonitrile/water mixture (80/20, v/v), at a flow rate of

1 mL/min with UV detection at 220 nm. Peptides were

purified by reverse-phase HPLC using a Shimadzu

semi-preparative HPLC system on an prosphere 100

C18 5mm column (10 £ 250 mm) by elution with a

linear gradient of (A): aqueous 0.1% TFA and (B):

0.1% (v/v) TFA in acetonitrile/water mixture (80/20), at

a flow rate of 3 mL/min with UV detection at 220 nm.

Elemental analyses were conducted by CNRS,

Vernaison, France.

Synthesis of 25,27-Dihydroxy-26,28-bis(O,O 0-dimethyl-

aspartyl- or –glutamylcarbonylmethoxy) calix[4]arenes,

cone 1a–b and 25,27-Dihydroxy-26,28-bis[(O-

dimethyl-N 0-benzyloxycarbonylornithyl)carbo

nylmethoxy)]calix[4]arene, cone 1c. To a suspension

of aspartic- or glutamyl dimethyl ester or

N 6-[(benzyloxy)carbonyl]ornithine methyl ester

(194.4 mmol) and 1,3-dicyclohexylcarbodiimide

(DCC) (185.15mmol) in 20 mL of dichloromethane,

was added a solution of diacid 4 (92.59mmol)
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Figure 1. Structures of new cone peptidocalix[4]arenes 1a–g and

mono hydrazidocalix[4]arene 2.
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and 4-methylmorpholine (185.15mmol) in 20 mL

of dichloromethane. The reaction mixture was

stirred at room temperature overnight. After

removal of solvents, the residue was purified by

HPLC to give 1a–c.

25,27-Dihydroxy-26,28-bis(O,O’-dimethylaspartyl-

carbonylmethoxy)calix[4]arene, cone (1a). Yield: 71%,

white crystals, mp ¼ 1938C, (Found MNaþ:

849.2810, C44H46N2O14
23Na requires 849.2847);

IR nmax (KBr)/cm21 3430 (OH), 3340 (NH), 1740

(CO); 1H NMR d (500 MHz, CDCl3) 9.61 (d, J

6.55 Hz, 2H, NH), 8.17 (s, 2H, OH), 7.12 (m, 4H,

Ar-H meta), 6.97 (d, J 7.20 Hz, 2H, Ar-H meta), 6.91

(d, J 7.20 Hz, 2H, Ar-H meta), 6.77 (t, J 7.20 Hz, 2H,

Ar-H para), 6.68 (t, J 7.00 Hz, 2H, Ar-H para), 5.10

(d, J 15.00 Hz, 2H, OCH2CO), 4.98 (m, 2H, CHa

Asp), 4.31 (m, 6H, OCH2CO and ArCH2Ar), 3.75

(s, 6H, OCH3), 3.57 (d, J 13.30 Hz, 2H, ArCH2Ar),

3.37 (d, J 13.30 Hz, 2H, ArCH2Ar), 3.25 (s, 6H,

OCH3), 2.90 (m, 4H, CH2 Asp). 13C NMR d

(125 MHz, CDCl3) 170.6 (CO), 170.2 (CO), 169.1

(CONH), 152.4 (Cq, Ar ipso), 152.1 (Cq, Ar ipso),

132.9 (Cq, Ar ortho), 132.8 (Cq, Ar ortho), 130.2

(CH, Ar meta), 129.0 (CH, Ar meta), 128.5 (CH, Ar

meta), 127.9 (Cq, Ar ortho), 126.7 (Cq, Ar ortho),

126.2 (CH, Ar para), 119.9 (CH, Ar para), 75.0

(OCH2), 52.6 (OCH3), 51.6 (OCH3), 49.1 (Ca Asp),

37.0 (CH2 Asp), 31.9 (ArCH2Ar), 31.6 (ArCH2Ar).

25,27-Dihydroxy-26,28-bis(O,O 0-dimethylglutamyl-

carbonylmethoxy)calix[4]arene, cone (1b). Yield: 62%,

white crystals, mp ¼ 1908C, (Found MNaþ:

877.3149, C46H50N2O14
23Na requires 877.3160);

IR nmax (KBr)/cm21 3425 (OH), 3340 (NH), 1739

(CO); 1H NMR d (500 MHz, MeOD) 9.65 (br s, 2H,

NH), 8.02 (s, 2H, OH), 7.19 (d, J 7.60 Hz, 4H, Ar-H

meta), 7.00 (d, J 7.60 Hz, 2H, Ar-H meta), 6.94

(d, J 7.60 Hz, 2H, Ar-H meta), 6.77 (t, J 7.60 Hz, 4H,

Ar-H para), 5.04 (d, J 14.50 Hz, 2H, OCH2CO), 4.77

(t, J 5.80 Hz, 2H, CHa Glu), 4.52 (d, J 14.50 Hz, 2H,

OCH2CO), 4.37 (d, 2H, J 13.05 Hz, ArCH2Ar), 4.27

(d, 2H, J 13.05 Hz, ArCH2Ar), 3.70 (s, 6H, OCH3),

3.62 (d, J 13.05 Hz, 2H, ArCH2Ar), 3.45

(d, J 13.05 Hz, 2H, ArCH2Ar), 3.57 (s, 6H,

OCH3), 2.38 (m, 2H, CH2g Glu), 2.10 (m, 1H,

CH2g Glu), 2.00 (m, 1H, CH2g Glu), 1.39 (m,

2H, CH2b Glu), 1.11 (m, 2H, CH2b Glu). 13C NMR

d (125 MHz, MeOD) 172.9 (CO), 171.7 (CO), 169.9

(CONH), 151.9 (Cq, Ar ipso), 133.1 (Cq, Ar ortho),

129.7 (CH, Ar meta), 128.9 (CH, Ar meta), 128.6

(CH, Ar meta), 127.5 (Cq, Ar ortho), 127.1 (Cq, Ar

ortho), 125.8 (CH, Ar para), 120.0 (CH, Ar para),

74.3 (OCH2CO), 51.7 (OCH3), 51.2 (OCH3), 50.7

(CHa Glu), 33.3 (CH2g Glu), 31.4 (ArCH2Ar), 30.9

(ArCH2Ar), 27.4 (CH2b Glu), 26.6 (CH2b Glu).

25,27-Dihydroxy-26,28-bis[(O-dimethyl-N 0-benzyl-

oxycarbonylornithyl)carbonylmethoxy)]calix[4]arene,

cone (1c). Yield: 61%, white crystals, mp ¼ 1338C,

(Found MNaþ: 1087.4315, C60H64N4O14
23Na

requires 1087.4317); IR nmax (KBr)/cm21 3540,

3390 (OH), 3335 (NH), 1745 (CO), 1690 (CO).
1H NMR d (500 MHz, MeOD) 9.68 (br s, 2H, NH),

9.60 (br s, 2H, NH), 8.13 (s, 2H, OH), 7.71 (m, 10H,

Ar’-H), 7.52 (m, 4H, Ar-H meta), 7.26 (m, 2H, Ar-H

meta), 7.22 (d, J 7.00 Hz, 2H, Ar-H meta), 7.09 (t, J

7.50 Hz, 2H, Ar-H para), 7.02 (t, J 7.00 Hz, 2H, Ar-H

para), 5.42 (d, J 12.20 Hz, 4H, OCH2CO), 5.18 (s,

4H, OCH2Ar’), 5.13 (m, 2H, CHa), 4.69 (d, J

13.00 Hz, 2H, ArCH2Ar), 4.58 (d, J 13.00 Hz, 2H,

ArCH2Ar), 4.09 (s, 3H, OCH3), 3.96 (d, J 13.00 Hz,

2H, ArCH2Ar), 3.81 (d, J 13.00 Hz, 2H, ArCH2Ar),

3.70 (s, 3H, OCH3), 3.33 (m, 4H, CH2g Orn), 2.23

(m, 2H, CH2d Orn), 2.09 (m, 2H, CH2d Orn), 1.71

(m, 2H, CH2b Orn), 1.55 (m, 2H, CH2b Orn). 13C

NMR d (125 MHz, MeOD) 172.0 (CO), 169.7

(CONH), 157.5 (COOCH2Ar’), 151.9 (Cq, Ar ipso),

137.0 (Cq, Ar’), 132.9 (Cq, Ar ortho), 129.8 (CH, Ar

meta), 129.1 (CH, Ar meta), 128.7 (CH, Ar meta),

128.5 (Cq, Ar ortho), 128.0 (Cq, Ar ortho), 127.5

(CH, Ar’), 127.4 (CH, Ar’), 126.9 (CH, Ar’), 125.7

(CH, Ar para), 119.9 (CH, Ar para), 74.3

(OCH2CO), 65.9 (OCH2Ar’), 51.6 (OCH3), 48.3

(CHa Orn), 39.9 (CH2g Orn), 31.5 (CH2d Orn),

30.9 (ArCH2Ar), 30.0 (ArCH2Ar), 25.3 (CH2b Orn),

24.6 (CH2b Orn).

Synthesis of 25,27-Dihydroxy-26,28-bis(aspartyl-or–

glutamylcarbonylmethoxy)calix[4]arenes, cone 1d–e

and 25,27-Dihydroxy-26,28-bis[(N 0-benzyloxycarbonyl

ornithyl)carbonylmethoxy)]calix[4]arene, cone 1f. The

methyl ester 1a–c (50mmol) was dissolved in a

mixture of water (5 mL) and methanol (10 mL).

NaOH (2.5 equiv.) was added, and the solution was

stirred at room temperature for 20 h. The solution was

neutralized using excess HCl and the product was

extracted in EtOAc (3 £ 10 mL). The organic phase

was washed with water, dried (MgSO4) and

evaporated to furnish a solid which was purificated

by HPLC to give 1d–f.

25,27-Dihydroxy-26,28-bis(aspartylcarbonylmethoxy)

calix[4]arene, cone (1d). Yield: 75%, white crystals,

mp ¼ 1908C, (Found MNaþ: 793.2194,

C40H38N2O14
23Na requires 793.2220); IR nmax

(KBr)/cm21 3430 (COOH and OH), 3335 (NH),

1740 (CO); 1H NMR d (500 MHz, MeOD) 9.75 (br

s, 2H, NH), 7.95 (s, 2H, OH), 7.15 (m, 4H, Ar-H

meta), 6.88 (d, J 7.10 Hz, 2H, Ar-H meta), 6.71

(d, J 6.80 Hz, 2H, Ar-H meta), 6.63 (m, 4H, Ar-H

para), 5.12 (d, J 15.25 Hz, 2H, OCH2CO), 4.47

(m, 2H, CHa Asp), 4.31 (d, J 15.25 Hz, 2H,

OCH2CO), 3.58 (d, J 13.10 Hz, 4H, ArCH2Ar),

3.46 (d, J 13.10 Hz, 4H, ArCH2Ar), 2.99 (m, 4H,

CH2b Asp). 13C NMR d (125 MHz, MeOD) 172.2

Antiproliferative Calix[4]arenes 263



(COOH), 171.9 (COOH), 170.2 (CONH), 152.1

(Cq, Ar ipso), 152.0 (Cq, Ar ipso), 133.1 (Cq, Ar

ortho), 129.5 (CH, Ar meta), 129.0 (CH, Ar meta),

128.7 (CH, Ar meta), 128.5 (CH, Ar meta), 127.8

(Cq, Ar ortho), 127.3 (Cq, Ar ortho), 125.6 (CH, Ar

para), 119.6 (CH, Ar para), 74.2 (OCH2CO), 49.0

(CHa Asp), 35.8 (CH2b Asp), 31.2 (ArCH2Ar), 31.0

(ArCH2Ar).

25,27-Dihydroxy-26,28-bis(glutamylcarbonylmethoxy)

calix[4]arene, cone (1e). Yield: 69%, white crystals,

mp ¼ 1808C, (Found MNaþ: 821.2544, C42H42N2O14
23Na requires 821.2534); IR nmax (KBr)/cm21 3430

(COOH and OH), 3319 (NH), 1740 (CO); 1H NMR d

(500 MHz, MeOD) J, Hz: 9.85 (d, J 6.45 Hz, 2H, NH),

7.54 (m, 4H, Ar-H meta), 7.31 (m, 2H, Ar-H meta),

7.32 (m, 2H, Ar-H meta), 7.18 (t, J 7.55 Hz, 2H, Ar-H

para), 7.11 (m, 2H, Ar-H para), 5.05 (d, J 14.40 Hz,

2H, OCH2CO), 4.89-4.65 (m, 2H, CHaGlu), 3.95 (d,

J 14.40 Hz, 2H, OCH2CO), 2.75 (m, 2H, CH2g Glu),

2.59 (m, 1H, CH2g Glu), 2.47 (m, 1H, CH2g Glu),

2.21 (d, J 12.75 Hz, 4H, ArCH2Ar), 2.08 (d, J

12.75 Hz, 4H, ArCH2Ar), 1.69 (m, 2H, CH2b, Glu),

1.56 (m, 2H, CH2b, Glu). 13C NMR d (125 MHz,

MeOD) 174.5 (COOH), 172.6 (COOH), 170.2

(CONH), 151.9 (Cq, Ar ipso), 133.0 (Cq, Ar ortho),

132.9 (Cq, Ar ortho), 129.5 (CH, Ar meta), 129.0 (CH,

Ar meta), 128.9 (CH, Ar meta), 128.6 (CH, Ar meta),

127.5 (Cq, Ar ortho), 127.2 (Cq, Ar ortho), 125.7 (CH,

Ar para), 119.9 (CH, Ar para), 119.4 (CH, Ar para),

74.3 (OCH2CO), 51.7 (CHa Glu), 33.3 (CH2g Glu),

31.3 (ArCH2Ar), 31.0 (ArCH2Ar), 29.4 (CH2b Glu),

27.6 (CH2b Glu).

25,27-Dihydroxy-26,28-bis[(N 0 -benzyloxycarbonyl

ornithyl)carbonylmethoxy)]calix[4] arene, cone (1f).

Yield: 71%, white crystals, mp ¼ 1418C, (Found

MNaþ: 1059.3972, C58H60N4O14
23Na requires

1059.4004); IR nmax (KBr)/cm21 3545, 3390

(COOH and OH), 3335 (NH), 1740 (CO), 1690

(CO); 1H NMR d (500 MHz, CDCl3) 9.61 (br s, 2H,

NH), 8.05 (s, 2H, OH), 7.27 (m, 10H, Ar’-H), 7.18

(m, 4H, Ar-H meta), 7.00 (m, 2H, Ar-H meta), 6.85

(d, J 7.10 Hz, 2H, Ar-H meta), 6.80 (t, J 7.10 Hz, 2H,

Ar-H para), 6.70 (t, J 7.30 Hz, 2H, Ar-H para), 5.11

(d, J 13.30 Hz, 2H, OCH2CO), 5.01 (s, 4H,

OCH2Ar’), 4.80 (m, 2H, CHa), 4.61 (d, J

13.30 Hz, 1H, OCH2CO), 4.25 (d, J 13.30 Hz, 1H,

OCH2CO), 4.10 (d, J 12.70 Hz, 4H, ArCH2Ar), 3.60

(d, J 12.70 Hz, 4H, ArCH2Ar), 2.95 (m, 4H, CH2g

Orn), 1.82 (m, 2H, CH2d Orn), 1.62 (m, 2H, CH2d

Orn), 1.38 (m, 2H, CH2b Orn), 1.20 (m, 2H, CH2b

Orn). 13C NMR d (125 MHz, CDCl3) 172.9 (CO),

170.3 (CONH), 156.4 (COOCH2Ar’), 152.0

(Cq, Ar ipso), 152.2 (Cq, Ar ipso), 136.7 (Cq, Ar’),

132.6 (Cq, Ar ortho), 130.2 (CH, Ar meta), 129.2

(CH, Ar meta), 128.9 (CH, Ar meta), 128.7 (Cq, Ar

ortho), 128.4 (CH, Ar’), 128.0 (CH, Ar’), 127.5 (CH,

Ar’), 126.6 (CH, Ar para), 126.2 (CH, Ar para),

120.1 (CH, Ar para), 74.7 (OCH2CO), 66.5

(OCH2Ar’), 49.6 (CHa Orn), 40.4 (CH2g Orn),

32.1 (CH2d Orn), 31.5 (ArCH2Ar), 30.2 (ArCH2Ar),

25.5 (CH2b Orn), 24.8 (CH2b Orn).

25,27-Dihydroxy-26,28-bis[(ornithyl)carbonyl-meth-

oxy)]calix[4] arene, cone (1g). To a solution of 1f

(25 mg, 24.13mmol) dissolved in MeOH (10 mL) was

added 10% Pd/C (0.20 g). The reaction mixture

was then stirred at room temperature under an

atmosphere of hydrogen for 24 h. The solution was

filtered through Celite, and the solvent was evaporated

to give 1g. The product was characterized by 1H NMR

and used without further purification. Yield: 81%,

white crystals, mp ¼ 1438C, (Found MHþ: 769.3409,

C42H49N4O10 requires 769.3449); IR nmax

(KBr)/cm21 3545 (COOH and OH), 3330 (NH),

3265 (NH2), 1740 (CO); 1H NMR d (500 MHz,

MeOD) 7.20 (m, 4H, Ar-H meta), 7.01 (d, J 7.70 Hz,

2H, Ar-H meta), 6.97 (d, J 7.70 Hz, 2H, Ar-H meta),

6.81 (t, J 7.70 Hz, 2H, Ar-H para), 6.75 (t, J 7.30 Hz,

2H, Ar-H para), 5.06 (d, J 14.30 Hz, 1H, OCH2CO),

4.72 (m, 2H, CHa), 4.34 (d, J 14.30 Hz, 2H,

OCH2CO), 4.23 (d, J 14.30 Hz, 1H, OCH2CO),

3.62 (d, J 13.35 Hz, 2H, ArCH2Ar), 3.49 (d, J

13.35 Hz, 4H, ArCH2Ar), 3.30 (m, 4H, ArCH2Ar and

NH2), 2.86 (m, 4H, CH2g Orn), 1.86 (m, 2H, CH2d

Orn), 1.72 (m, 2H, CH2d, Orn), 1.36 (m, 2H, CH2b,

Orn), 1.18 (m, 2H, CH2b, Orn). 13C NMR d

(125 MHz, MeOD) 172.7 (COOH), 170.3

(CONH), 152.0 (Cq, Ar ipso), 133.0 (Cq, Ar ortho),

132.9 (Cq, Ar ortho), 129.8 (CH, Ar meta), 128.9

(CH, Ar meta), 128.7 (CH, Ar meta), 128.5 (CH, Ar

meta), 127.6 (Cq, Ar ortho), 127.0 (Cq, Ar ortho),

125.7 (CH, Ar para), 119.8 (CH, Ar para), 74.3

(OCH2CO), 48.3 (CHaOrn), 38.9 (CH2gOrn), 31.3

(CH2d Orn), 30.7 (ArCH2Ar), 29.8 (ArCH2Ar), 25.3

(CH2b Orn), 23.4 (CH2b Orn).

25,26,27-Trihydroxy-28-(hydrazinocarbonylmethoxy)

calix[4] arene, cone (2). To a solution of 25,27-

diethoxycarbonylmethoxycalix[4]arene 3 (0.7 mmol)

in 30 mL of ethanol, was added an excess of hydrazine

hydrate (98%). The mixture was refluxed for 5 h. The

precipitate formed was filtered, washed successively

with ethanol and diethyl ether, and dried to give 2.

Yield: 82%, yellow crystals, mp ¼ 1858C, (Found

MNaþ: 519.1902, C30H28N2O5
23Na requires

519.1896); IR nmax (KBr)/cm21 3310 and 3240

(NH and NH2), 1670 (CO); 1H NMR d (500 MHz,

d6-DMSO) 10.28 (s, 2H, OH), 8.93 (s, 1H, OH),

8.21 (bs, 1H, NH), 7.02 (d, J 7.35 Hz, 1H,

Ar-H meta), 7.00 (d, J 7.35 Hz, 1H, Ar-H meta),

6.86 (d, 4H, J 7.35 Hz, Ar-H meta), 6.76

(d, 2H, J 7.35 Hz, Ar-H meta), 6.60 (t, J 7.35 Hz,

1H, Ar-H para), 6.40 (t, J 7.35 Hz, 2H, Ar-H para),

6.07 (t, J 7.35 Hz, 1H, Ar-H para), 4.88 (br s, 2H,

NH2), 4.33 (d, J 12.5 Hz, 2H, ArCH2Ar), 4.31 (s,

2H, OCH2CO), 4.11 (d, J 11.95 Hz, 2H, ArCH2Ar),
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3.17 (d, J 11.95 Hz, 2H, ArCH2Ar), 3.13 (d, J

12.5 Hz, 2H, ArCH2Ar).

Pharmacology

Chemicals. Unless stated otherwise, all chemicals were

purchased from Sigma Chemical Co. (La Verpillière,

France) or Merck (Darmstadt, Germany). All

chemicals were of first-grade purity and were used

without further purification. Ferric ammonium

citrate, FeSO4, CuSO4 or ZnSO4 solutions were

prepared in sterile water. The final concentration of

Fe, Cu or Zn in the stock solutions was 1 mM.

These solutions were diluted in the culture medium to

obtain a final medium iron, copper or zinc

concentration of 20mM.

Cell cultures. The rat hepatoma cell line Fao used in

this study was obtained by Deschatrette and Weis [33]

and maintained by subculture in the following

medium-50% Ham F12 medium and 50% NCTC

(National Collection of Type Cultures) 135 medium

(Eurobio, Les Ulis, France)-containing per mL: fetal

calf serum (FCS, 0.1 mL), glutamine (0.002 mmol),

penicillin (50 IU), streptomycin (50mg), NaHCO3

(2.2 mg). For the experiments, the Fao cells were

seeded in 96-well microplates (Becton Dickinson,

Oxnard, CA) at a density of 6 £ 103 cells per well and

maintained for 72 h in the same medium as above.

Cell cultures were maintained during 72 h in the

control condition (neither metal nor chelators

present), in presence of metal alone, compounds

alone or compounds plus divalent cations.

Solubility of the chelators. Solubility of the new

calix[4]arenes 1 and 2 was estimated in pure water

and in cell culture medium containing 10% FCS.

Solutions of the various compounds (200mM) were

prepared by diluting the 10 mM stock solutions in

DMSO in 2 mL of water and culture medium

contained in a quartz cuvette. The absorbance

(turbidity) of the solutions was measured at 450 nm,

outside the absorption range of chromophores

(280 nm). Results were expressed as percentage of

absorbance (turbidity) with respect to the values in the

absence of compound.

Inhibition of homovanillic acid autoxidation. The main

advantages of the homovanillic acid (HVA)

autoxidation assay were previously shown to be its

versatility to investigate in a single run the antioxidant

capacity of compounds including the scavenging and

the inhibitory effects of radical formation, as well as its

relevance to the reactive hydroxyl radical [34].

Autoxidation of HVA gives rise to fluorescent

dimers. Their relative fluorescence intensity

(lexc ¼ 315 nm; lem ¼ 425 nm) follows a linear

kinetic pattern (for less than 50 min). This Fenton-

like reaction was transiently stopped by various

reactive oxygen species scavengers (delay) while

metal chelating agents such as DFO, EDTA and

polyamines only reduced its rate. The final

reaction mixture for the HVA assay contained

3.1024 M HVA in 0.1 M borate buffer (pH 9.0). A

final volume of 200mL was incubated at 378C

under gentle stirring in each well of a 96 wells

microplate. Fluorescence was measured every min for

30 min, using a Gemini model fluorescence

microplate reader (Molecular Devices, France).

Autoxidation rate in the absence (R0) or in the

presence of various compounds concentrations (Ra)

was calculated from the slope of these fluorescence

kinetics and results were expressed as percentage of

control (R0). Each kinetic determination was

performed in triplicate.

Cytostatic and cytotoxic effects measurements. Cytoxicity

was evaluated by measuring extracellular

lactate dehydrogenase activity (cytotoxicity detection

kit –LDH, Roche, Penzberg, Germany) and

mitochondrial succinate dehydrogenase activity

(SDH) by the tetrazolium colorimetric assay

(MTT, Sigma, St Louis, MO). Extracellular

LDH activity was measured as described by the

manufacturer on a 20mL aliquot of cell free medium

obtained by centrifugation (2500 rpm/min during

5 min). LDH activities were detected by reading

absorbance at 485 nm. Data are the mean of three

independent measurements. They are reported as a

percentage of extracellular LDH activity with respect

to the control value.

SDH activity was detected after 3 h incuba-

tion in 100mL serum free medium containing 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT, 0.5 mg/L). Formazan salts

were solubilized in DMSO and absorbance was

read at 535 nm. Data are the mean of three

independent measurements. They are reported as

a percentage of SDH activity with respect to the

control value.

Statistical analysis. Results from at least three

replicates were expressed as means ^ SD. Statistical

analysis was performed using the non-parametric

Mann-Whitney test. The significant level was set

at 0.01.

Results and discussion

Chemistry

The synthesis of the new peptidocalix[4]arenes 1 has

been accomplished in three or four steps starting from
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commercially available calix[4]arene (Scheme 1).

Calix[4]arene diester 3 was prepared in a 55% yield

by alkylation of the unsubstituted calix[4]arene with

ethyl bromoacetate in the presence of 1 equivalent of

K2CO3 as a base, in refluxing CH3CN [35–38]. The

alkylation led selectively to the diametrically sub-

stituted 25,27-diethoxycarbonylmethoxycalix[4]arene

3 in the cone conformation, as indicated by the 1H

NMR spectrum. A typical AB pattern was observed

for the methylene bridge ArCH2Ar protons

(J 13.15 Hz) at 4.51 and 3.42 ppm. Hydrolysis of 3

with 15% sodium hydroxide in ethanol under reflux

gave, after acidification, the crystalline diacid 4 (95%)

[39–40]. Condensation between aspartic/glutamic

dimethyl ester or N 6-[(benzyloxy)carbonyl]ornithine

methyl ester and diacid 4 in the presence of 1,3-

dicyclohexylcarbodiimide (DCC) and 4-methylmor-

pholine (NMM) afforded the calixarenes 1a–c in the

cone conformation [41]. Mild hydrolysis of the ester

functions of 1a–c then resulted in the carboxylated

cone calix[4]arenes 1d–f. Deprotection of the amino

group at the N-6 position of the ornithine moiety in 1f

yielded the peptidocalix[4]arene 1g.

Treatment of the ester 3 in refluxing ethanol with

hydrazine hydrate led to the mono hydrazinocarbo-

nylmethoxycalix[4]arene 2 in the cone conformation

and surprisingly not to the dihydrazido compound

(Scheme 2).

The calix[4]arene 2 had a cone structure as

indicated by the 1H NMR spectrum. A typical pattern

represented by two 2H doublets at 3.17 and 3.13 ppm

for the equatorial protons and two doublets at 4.33

and 4.11 ppm for the axial protons of the bridging

methylene (ArCH2Ar) was observed [30]. The

spectrum also showed two sharp signals for the three

OH groups, one at 8.93 ppm (1H) and one at

10.28 ppm (2H) [30]. Moreover, the spectrum

exhibited only one singlet (2H) around 4.31 ppm
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Scheme 1. Synthesis of compounds 1a–g. Reagents: (i) K2CO3, BrCH2COOEt, CH3CN; (ii) 1) NaOH, EtOH; 2) HCl, H2O
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V. S. Pires et al.266



which corresponded to the OCH2CO methylene.

These observations confirmed the cone conformation

of derivative 2.

Pharmacology

Solubility. Initially, the poor solubility of some

compounds was deduced from phase contrast

microscopy analysis of aggregates for various

compound concentrations (0, 25, 50, 100 and

200mM). Solubility of the various compounds was

estimated by turbidimetry measurement (absorption

at 450 nm). As shown in Table I, at a concentration of

200mM, the different calix[4]arene esters 1a–c and 3

were poorly soluble in aqueous media such as the

culture medium used for Fao cell cultures. These

insoluble compounds were not further tested in cell

culture.

Scavenging and chelating effects against hydroxyl radical

formation: the HVA test. Hydroxyl radical formation

mediated by transition metals such as iron(II), is

hypothesized to be an important physiological

condition, and is thought to be associated with

oxidative damage in vivo, rather than hydrogen

peroxide itself. The effect of the various tested

compounds concentrations on HVA autoxidation

rate is presented in Figure 2. Neither was able to

delay HVA autoxidation like typical scavengers.
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Scheme 2. Synthesis of compounds 2. Reagents: (i) H2N-NH2, H2O, EtOH.

Table I. Relative solubility of the various compounds 1a–g, 2–4

and ICL670A.

Relative solubility (%turbidity/solvent)

Compound cell culture medium Water

1a 373 377

1b 386 570

1c 645 353

1d 172 313

1e 102 133

1f nda nda

1g 109 199

2 106 225

3 479 1029

4 110 481

ICL670A 103 105

and: not determined.
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Figure 2. Dose-effect modulation of the homovanillic acid

autoxidation rate (Fenton-like reaction) induced by the various

compounds 1d, 1e, 1g, and ICL670A. Data expressed as a percent

of the control (absence of compound) are the mean ^ SD of three

independent experiments.
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Some of them, calixarenes 1e and 1g appeared to be

prooxidants inducing an increase in HVA autoxidation

rate for a concentration lower than 30mM followed in

the case of 1d and 2 by a decrease in the oxidation rate.

In this HVA test, micromolar concentrations of our

reference iron chelator ICL670A, induced an

inhibition of HVA autoxidation rate (without

delaying the oxidation kinetic).

Biological effects in rat hepatoma cell culture. A dose-

dependent decrease of cell viability (MTT assay) was

observed after a 72 h cell treatment in the presence of

increasing concentrations (0 up to 100mM) of all

compounds (Figure 3).

Due to the low solubility of the compounds as well

as their relatively low antiproliferative efficiency, it was

not possible to estimate the concentration inducing a

50% inhibition of cell growth (IC50), except for

ICL670A (12mM), 2 (24mM), 1b (63mM) and 1d

(92mM). The comparison of the relative anti-

proliferative activities of calixarene derivatives and

ICL670A at the concentration 25mM are reported in

Table II. At this concentration, the decrease in

cell viability induced by the various compounds

remained low compared to ICL670A (12.7%), except

for compounds 2 and 1b (51.3 and 70.5%,

respectively). The inhibitory effect on cell viability of

the derivatives was in the following order:

2 . 1b . 4 . 1d . 1e . 1g. As shown in Table II,

the absence of LDH leakage in Fao cells supernatant

treated 72 hours with the compounds indicated an

absence of cytotoxicity except for ICL670A which

exhibited weak membrane damage (130% LDH with

respect to the control).

The addition of 20mM of iron sulfate simulta-

neously with 25mM of ICL670A partially inhibited

the antiproliferative effect of this iron chelator

(Table III) while the addition of 20mM of copper or

zinc, under the same conditions, was without effect. In

contrast, the addition of 20mM of iron, copper or zinc

sulfate simultaneously with 25mM of 2 did not protect

the Fao cells from the cytostatic effect of this

compound. The antiproliferative effect of calixarene

2 was not correlated to iron, copper or zinc depletion.

Conclusion

The low solubility of the methyl and ethyl calix[4]ar-

ene esters 1a–c and 3 in aqueous solvents and more

particulary in cell culture medium, prevented us

studying their biological efficiency. We observed that

the soluble compounds, i.e. calixarenes 1d, 1g, 1e, 2

and 4 were not cytotoxic at concentrations lower than

100mM.

The antiproliferative effect of various new sub-

stituted calix[4]arenes remained low compared to
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Figure 3. Dose-effect decrease in viability of Fao cells (SDH

activity measured from the MTT assay) induced by the various

compounds 1b, 1d, 1e, 1g, 2, 4 and ICL670A after a 72 h cell

treatment. Data expressed as a percent of the control (absence of

compound) are the mean ^ SD of three independent experiments.

Table II. Biological effect of a 72 h treatment of Fao cells with

25mM of the calixarene compounds 1a–g and 2–4 and the

reference compound ICL670A. LDH leakage in cell supernatant

was used as an index of membrane damages (cytotoxicity) and SDH

(MTT assay) as a measurement of cell viability.

Toxicitya Cell viabilitya

Compound %LDHext/cont ^ SD %SDH/cont ^ SD

1a ndb ndb

1b 105.8 ^ 4.1 70.5 ^ 2.8

1c ndb ndb

1d 98.2 ^ 3.1 94.6 ^ 5.0

1e 98.6 ^ 1.8 95.4 ^ 7.7

1f ndb ndb

1g 92.7 ^ 3.2 97.9 ^ 8.3

2 85.4 ^ 1.6 51.3 ^ 3.8

3 ndb ndb

4 100.0 ^ 4.6 88.9 ^ 3.6

ICL670A 130.6 ^ 1.6 12.7 ^ 0.7

aData expressed as a percent of the control (absence of compound)

are the mean ^ SD of three independent experiments.
bnd: not determined.

Table III. Biological effect of addition of 20mM of iron, copper or

zinc sulfate simultaneously with 25mM of 2 or ICL670A in the rat

hepatoma cell line Fao (72 h treatment). LDH leakage in cell

supernatant was used as an index of membrane damages

(cytotoxicity) and SDH (MTT assay) as a measurement of cell

viability.

Toxicitya Cell viabilitya

Compound %LDHext/cont ^ SD %SDH/cont ^ SD

2 85.4 ^ 1.6 51.3 ^ 3.8

2 þ Fe 91.0 ^ 5.8 53.5 ^ 2.2

2 þ Cu 79.0 ^ 20.6 50.1 ^ 5.8

2 þ Zn 89.8 ^ 5.9 50.1 ^ 2.6

ICL670A 130.6 ^ 1.6 12.7 ^ 0.7

ICL670A þ Fe 138.4 ^ 4.2 88.8 ^ 5.6

ICL670A þ Cu 122.2 ^ 6.5 7.7 ^ 1.5

ICL670A þ Zn 93.4 ^ 2.6 9.3 ^ 1.8

aData expressed as a percent of the control (absence of compound)

are the mean ^ SD of three independent experiments.
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ICL670A, except for compounds 2 and 1b. The

relative antiproliferative efficiency of the derivatives

was in the following order: 2 . 1b . 4 . 1d .

1e . 1g. These initial results do not enable us to

determine precisely the structure-activity relationships

in these series. In the case of calix[4]arene 2, its

antiproliferative effect was not reversed by addition of

exogenous iron such as observed with the iron chelator

ICL670A. On the basis of their ability to inhibit metal-

catalyzed oxidation reaction such as the HVA

autoxidation, we deduced that the compounds were

not efficient iron nor copper chelators. Some of them

were prooxidants in the HVA autoxidation test. All

together, our results indicated that among all tested

compounds, the mono hydrazidocalixarene 2 which is

not cytotoxic in Fao cells exhibits an interesting

antiproliferative activity. This effect, independent on

iron depletion, remains to be further explored in order

to understand its cytostatic effect. One possibility will

be to study the mono hydrazidocalixarene 2 effect on

the expression cyclins, like cyclinD for example.

Finally, the new substituted calix[4]arenes could open

the way to new valuable medicinal chemistry

scaffolding.
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