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Introduction

Higher life forms such as humans have developed a 
highly efficient iron management system in which we 
absorb and only excrete about 1 mg of the metal daily 
and there is no mechanism for the excretion of excess 
iron [1–2]. As a result, a progressive 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 sec-
ondary haemochromatosis [3–4]. Iron plays a critical role 
in a variety of metabolic processes, as iron-containing 
proteins catalyse the key reactions involved in energy 
production and DNA synthesis. In particular, iron is 

critical for ribonucleotide reductase (RR) activity which 
is the rate-limiting step in DNA synthesis [5]. RR com-
prises two subunits, R1 and R2. Iron is essential for the 
catalytic activity of RR and stabilises the tyrosyl radical 
located within the R2 subunit, making iron an obvious 
target for chemotherapeutic agents [6]. Iron depletion 
by different iron chelators has been shown to inhibit the 
proliferation of various cell lines and normally activated 
lymphocytes in vitro [7–9]. The iron depletion induced 
by iron chelators such as desferrioxamine (DFO) or 
O-Trensox decreases DNA synthesis in both normal and 
transformed hepatocytes [10–11]. Numerous cancer cell 
types are more susceptible to the effects of chelators 
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than normal cells due to a higher iron requirement for 
DNA synthesis and metabolism than the more slowly 
growing normal cells [12]. Several studies have shown 
that iron is implicated in tumour cell growth and some 
tumour cells are sensitive to iron chelation therapy 
[13–15]. The role of iron chelators has previously been 
reviewed [16]. The effect of iron chelators is complex due 
to the numerous molecular targets in addition to RR and 
the molecular mechanisms involved in the G1/S arrest 
after iron deprivation remain poorly understood. Recent 
chelators such as 2-hydroxy-1-naphtylaldehyde isoni-
cotinoyl hydrazone its analogues [17–18] and Triapine 
[19] have shown a greater anti-proliferative activity than 
DFO in vitro. 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 [22]. 
Other disadvantages of DFO are its short plasma half-
life and its poor permeability, which lead to poor antitu-
mour activity [23].Therefore, various new iron chelators 
have been designed for clinical use. Among them, the 
bidentate hydroxypyridinone deferiprone (CP20) which 
is the major molecule used for the treatment of second-
ary iron overload [24–26], but this chelator has been 
shown to induce a severe neutropaenia [27]. The orally 
active tridentate ICL670A (I, Figure 1) is of special inter-
est [21–22], because it induces a cell cycle arrest in the S 
phase associated with a decrease of the polyamine levels 
which could result from an inhibition of polyamine bio-
synthesis probably by ODC inactivation [23].

Clinically useful antitumour agents must show a sig-
nificant therapeutic index (ie, they possess little effect 
on normal cells while inhibiting tumour cell growth). 
Richardson et  al. have identified, in the case of pyri-
doxal isonicotinoyl hydrazone analogues, a significant 
chelator structure-activity relationship dependant on 
lipophilicity [28]. Within a series or family of ligands, the 
compounds with the most marked lipophilic properties 
generally have the better iron-clearing efficiency. The 
lipophilicity has a profound effect on organ distribu-
tion of the chelator [29]. Hider et  al. have synthesised 
a family of hydroxypyridinone ester analogues which 
have been designed especially to target the hepatocel-
lular low molecular weight iron pool [30]. Chelators with 

high lipophilicity can easily enter cells and subsequently 
deplete iron from the intracellular pools necessary for 
iron incorporation into the R2 subunit. Another design 
consideration to identify an ideal iron chelator for anti-
proliferative activity is the metal selectivity [31]. The 
chelators should be selective for iron to minimise chela-
tion of other biologically metals or cations such as Zn(II) 
and Cu(II).

Calix[4]arenes or their derivatives have been tested 
as bioactive compounds such as antitumoural, antiviral, 
antimicrobial, anti-thrombotic and antifungal agents 
[33–34]. Calix[4]arenes present some interesting lipophi-
licity properties and are selectively capable of binding 
cationic, anionic or neutral species. Consequently, some 
calixarene derivatives possess affinity and selectivity for 
Fe(III) and have a much lower affinity for Mg(II), Ca(II) 
and Zn(II) [35–36]. Thus, taking into account our experi-
ence in the field of the synthesis of new compounds of 
the type calix[4]arenes [37–39], we have previously pre-
pared new calix[4]arene podands bearing at the lower 
rim two aspartic/glutamic acid or ornitine groups, mono 
hydrazidocalixarene and alkyl (ester or acid) [40,41]. In 
these series, three compounds II–IV exhibited an inter-
esting antiproliferative activity in the rat hepatoma cell 
line Fao (Figure 1).

In continuation of our work, we present here the syn-
thesis and the antiproliferative activity in the HepaRG cell 
line culture of some new diamino-tetraesters, diamino-
tetraalcohols, diamino-tetraacid, tetraaryloxypentoxy 
substituted calix[4]arene derivatives 1–8 (Figure 2).

These functions were selectively introduced into the 
calix[4]arenes and locked in the cone conformation to 
improve their antiproliferative activity, as well as their 
chelator behaviour towards iron. The HepaRG cell line 
was isolated from a liver tumour of a patient suffering 
from a hepatocarcinoma [42]. This bipotent cell line 
progressively differentiates in both hepatocyte-like 
cells expressing highly differentiated functions and also 
biliary-like cells. This cell line which was characterised 
through a transcriptomic approach exhibited an ability 
to store iron within the hepatocytes, when differentiated 
[43]. Such a model gives us the opportunity to evaluate 
the impact of iron chelators on hepatocyte metabolism 
at various phases of their proliferation/differentiation 
process.
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Figure 1.  Structures of ICL670 (I) and of our calix[4]arene derivatives (II–IV) previously described as antiproliferative compounds.
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Materials and methods

Chemistry
Instrumentation
Column chromatography was performed on a Kielselgel 
60 (40–63 μm) ASTM system(Merck). Reactions were 
analysed on precoated silica gel 60 F

254
 plates (Merck) and 

the compounds were visualised with a UV lamp (254 nm) 
or iodine vapour. Melting points were determined with an 
SM-LUX-POL Leitz hot-stage microscope and reported 
uncorrected. NMR spectra were recorded on a Bruker 
Avance 300 spectrometer. Chemical shifts refer to tetram-
ethylsilane which was used as an internal reference. The 
J values are given in Hertz. Signal assignment was made 
using COSY, DEPT and heteronuclear single quantum 
coherence (HSQC) experiments when necessary.

N-3-Bromopropyl-N,N-bis(methoxycarbonylmethyl)amine 9
To a stirred solution of 3-bromopropylamine hydrobro-
mide (5 g, 22.8 mmol) in acetonitrile (200 mL) cooled at 
−12°C, was added diisopropylethylamine (9.13 g, 70 mmol). 
Stirring was continued for five minutes before addition of 
methyl bromoacetate (7.3 g, 48 mmol) and the solution 
was kept at −10°C for two hours and then at room tem-
perature for 18 hours. After concentration under reduced 
pressure, the resulting white solid residue was dissolved in 
water and extracted with methylene chloride. The organic 
phase was dried (MgSO

4
), filtered and concentrated under 

reduced pressure. The resulting oil was chromatographed 
over silica gel using dichloromethane/methanol (97/3) as 
eluant to give the title compound (5.58 g) as a light yellow 
liquid. Yield: 86%; 1H NMR (CDCl

3
): δ 2 (tt, J 6.6 Hz, 2H, 

BrCH
2
CH

2
), 2.9 (t, J 6.6 Hz, 2H, CH

2
N), 3.52 (t, J = 6.6 Hz, 

2H, BrCH
2
), 3.67 (s, 4H, CH

2
CO

2
), 3.72 (s, 6H, CH

3
); 13C 

NMR (CDCl
3
): δ 30.93 (BrCH

2
CH

2
), 31.36 (BrCH

2
), 51.55 

(CH
3
), 52.46 (CH

2
N), 54.87 (CH

2
CO

2
), 171.5 (CO

2
Me). Anal. 

Calcd. for C
9
H

16
BrNO

4
: C, 38.31; H, 5.72; N, 4.96. Found: C, 

38.44; H, 5.97; N, 5.08.

25-[3-[Bis(methoxycarbonylmethyl)amino]propoxy]calix[4]
arene, cone 1
To a mixture of calix[4]arene (1 g, 2.35 mmol), N-3-
Bromopropyl-N,N-bis(methoxycarbonylmethyl)amine 
9 (1.39 g, 4.94 mmol), moist potassium carbonate (0.39 g, 
2.82 mmol based on anhydrous K

2
CO

3
) in acetonitrile 

(30 mL), was added a few mg of KI. The stirred mixture 
was boiled under reflux for 48 hours. The cooled mix-
ture was concentrated under reduced pressure, and 
water was added to the resulting residue. The aqueous 
phase was then extracted with methylene chloride. The 
organic extracts were combined, dried (MgSO

4
) and the 

solvent removed in vacuo. The crude product was puri-
fied by column chromatography on silica gel eluting with 
hexane/ethyl acetate (1:1) to give 1 as oil which slowly 
crystallised. Yield: 17%, colourless crystals, mp = 164°C; 
1H NMR (CDCl

3
): δ 2.31–2.4 (m, 2H, CH

2
CH

2
N), 3.3 (t,  

J = 6.9 Hz, 2H, CH
2
N), 3.49 (d, J = 13.2 Hz, 2H, ArCH

2
Ar), 

3.51 (d, J = 13 Hz, 2H, ArCH
2
Ar), 3.75 (s, 6H, CH

3
), 3.76 (s, 

4H, CH
2
CO

2
), 4.26 (t, J = 6.6 Hz, 2H, CH

2
O), 4.3 (d, J = 13 

Hz, 2H, ArCH
2
Ar), 4.4 (d, J = 13.2 Hz, 2H, ArCH

2
Ar), 6.72 (t,  

J = 7.4 Hz, 3H, Ar-H para), 6.91 (t, J = 7.6 Hz, 1H, Ar-H para), 
7.03–7.12 (m, 8H, Ar-H meta), 9.42 (s, 2H, OH), 9.71 (s, 1H, 
OH); 13C NMR (CDCl

3
): δ 28.25 (CH

2
CH

2
N), 31.31 and 31.81 

(ArCH
2
Ar), 50.83 (CH

2
N), 51.55 (CH

3
), 54.66 (CH

2
CO

2
), 74.8 

(CH
2
O), 120.82, 121.93, 126.13, 128.34, 128.7, 129.26, 128.22, 

134.12 (Ar), 149.02 (Ar ipso), 150.74 (Ar ipso), 151.24 (Ar 
ipso), 171.7 (CO

2
Me). Anal. Calcd. for C

37
H

39
NO

8
: C, 71.02; 

H, 6.28; N, 2.24. Found: C, 71.33; H, 6.01; N, 2.18.

25,27-Bis-[3-[Bis(methoxycarbonylmethyl)amino]propoxy]
calix[4]arene, cone 2
A mixture of calix[4]arene (1 g, 2.35 mmol), N-3-
Bromopropyl-N,N-bis(methoxycarbonylmethyl)amine 
9 (1.41 g, 5 mmol), dry potassium carbonate (0.41 g, 3 
mmol), and a few mg of potassium iodide in acetonitrile 
(30 mL), was heated under reflux for 7 days. The white sus-
pension was cooled to room temperature, filtered and the 

O H OH O OR1 

N R2

R2

OR1 OR1 O OR1 

O 

R2

1-5 

1 : R1 = H, R2 = −COOCH3
2 : R1 =  −(CH2)3N(CH2COOCH3)2, R2 = −COOCH3
3 : R1 = H, R2 = −CH2OH
4 : R1 = −(CH2)3N(CH2CH2OH)2, R2 = −CH2OH
5 : R1 = −(CH2)3N(CH2COOH)2, R2 = −COOH

6-8 

6 : R1 = −(CH2)5O-C6H4-CN, R2 = −CN 
7 : R1 = −(CH2)5O-C6H4-C(=NH)NH2, R2 = −C(=NH)NH2
8 : R1 = −(CH2)5O-C6H4-C(=NOH)NH2, R2 = −C(=NOH)NH2

Figure 2.  Structures of new calix[4]arene derivatives, 1–8.
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filtrate concentrated under reduced pressure. The crude 
residue was dissolved in a minimum amount of dichlo-
romethane and applied to a silica gel column eluted with 
hexane/ethyl acetate (1:1) to give 2 as oil which slowly 
crystallised. Yield: 55%, colourless crystals, mp = 116°C;  
1H NMR (CDCl

3
): δ 2.19 (m, 4H, CH

2
CH

2
N), 3.65 (dd, J = 6.3 Hz, 

4H, CH
2
N), 3.4 (d, J = 13 Hz, 4H, ArCH

2
Ar), 3.66 (s, 12H, CH

3
), 

3.71 (s, 12H, CH
2
CO

2
), 4.14 (dd, J = 6 Hz, 4H, CH

2
O), 4.34 (d,  

J = 13 Hz, 4H, ArCH
2
Ar), 6.68 (t, J = 7.5 Hz, 2H, Ar-H para), 6.7 

(t, J = 7.5 Hz, 2H, Ar-H para), 6.89 (d, J = 7.5 Hz, 4H, Ar-H meta), 
7.08 (d, J = 7.5 Hz, 4H, Ar-H meta), 8.09 (s, 2H, OH); 13C NMR 
(CDCl

3
): δ 28.17 (CH

2
CH

2
N), 31.37 (ArCH

2
Ar), 50.57 (CH

2
N), 

51.45 (CH
3
), 54.38 (CH

2
CO

2
), 73.75 (CH

2
O), 119.04 (Ar para), 

125.33 (Ar para), 128.17 (Ar ortho), 128.47 (Ar meta), 128.93 
(Ar meta), 133.34 (Ar ortho), 151.81 (Ar ipso), 153.19 (Ar 
ipso), 171.78 (CO

2
Me). Anal. Calcd. for C

46
H

54
N

2
O

12
: C, 66.81; 

H, 6.58; N, 3.39. Found: C, 67.05; H, 6.72; N, 3.56.

25-[3-[Bis(2-hydroxyethyl)amino]propoxy]calix[4]arene, cone 3
The calixarene derivative 1 (140 mg, 0.22 mmol) in anhy-
drous THF (10 mL) was slightly warmed until complete 
dissolution. To the stirred solution was added lithium 
aluminohydride (42 mg, 1.11 mmol), and the mixture was 
heated at 90°C for 12 hours. After cooling to room temper-
ature, the mixture was hydrolysed with water (5 mL) then 
filtered and the filtrate concentrated under reduced pres-
sure. The resulting white solid was dissolved in water and 
extracted with methylene chloride. The organic phase was 
dried (MgSO

4
), filtered and concentrated under reduced 

pressure. The resulting oil was chromatographed over sil-
ica gel using dichloromethane/methanol (95/5) as eluant 
to give 3. Yield: 70%, white amorphous solid, mp = 122°C; 
1H NMR (CDCl

3
 + MeOD): δ 2.29 (m, 2H, CH

2
CH

2
N), 2.86 

(dd, J = 5.1 Hz, 4H, NCH
2
CH

2
OH), 3.11 (dd, J = 7.3 Hz, 2H, 

CH
2
N), 3.41 (d, J = 13.2 Hz, 4H, ArCH

2
Ar), 3.71 (m, 4H, 

NCH
2
CH

2
OH ), 3.87 (large s, 5H, OH), 4.11 (m, 2H, CH

2
O), 

4.14 (dd, J = 6 Hz, 4H, CH
2
O), 4.18 (d, J = 13.6 Hz, 2H, 

ArCH
2
Ar), 4.26 (d, J = 13.2 Hz, 2H, ArCH

2
Ar), 6.6 (m, 3H, 

Ar-H para), 6.77 (t, J = 7.6 Hz, 1H, Ar-H para), 6.92–7.02 
(m, 8H, Ar-H meta). Anal. Calcd. for C

35
H

43
NO

6
: C, 73.27; 

H, 7.55; N, 2.44. Found: C, 73.46; H, 7.27; N, 2.4.

25,27-Bis-[3-[Bis(2-hydroxyethyl)amino]propoxy]calix[4]
arene, cone 4
The calixarene derivative 2 (0.8 g, 0.96 mmol) was dis-
solved in anhydrous THF (20 mL) and cooled in an ice 
bath. To the stirred solution, lithium aluminohydride 
(0.18 g, 4.8 mmol) was added in small portions over 20 
minutes, and stirring continued at room temperature 
for 30 minutes, then heated under reflux for a further 3 
hours. After cooling to room temperature, the mixture 
was hydrolysed with ice water, then filtered and the fil-
trate concentrated under reduced pressure. The resulting 
solid was dissolved in ethyl acetate (30 mL), the solu-
tion washed with water and the product extracted with 
ethyl acetate. The organic phase was treated with HCl 
1M (20 mL), and extracted again with ethyl acetate. The 
combined organic extract were washed with brine, dried 

(MgSO
4
) and the solvent removed in vacuo to give a white 

amorphous solid (0.63 g) crystallised from methanol/
chloroform (1:1), and then chromatographed over silica 
gel using dichloromethane/methanol (9/1) as eluant to 
give a mixture of compounds 3 (Rf = 0.4) and 4 (Rf = 0.2). 
Yield: 14%, colourless oil; 1H NMR (CDCl

3
): δ 2.27–2.31 

(m, 4H, CH
2
CH

2
N), 2.82–2.85 (m, 8H, NCH

2
CH

2
OH), 3.1–

3.12 (m, 4H, NCH
2
), 3.41 (d, J = 12.9 Hz, 4H, ArCH

2
Ar), 

3.62–3.79 (m, 8H, NCH
2
CH

2
OH), 3.81 (large s, 4H, 

OH), 4.05–4.08 (m, 4H, CH
2
O), 4.27 (d, J = 12.9 Hz, 4H, 

ArCH
2
Ar), 6.69 (t, J = 7.5 Hz, 2H, Ar-H para), 6.74 (t, J = 

7.5 Hz, 2H, Ar-H para), 6.88 (d, J = 7.5 Hz, 4H, Ar-H meta), 
7.09 (d, J = 7.5 Hz, 4H, Ar-H meta), 7.72 (s, 2H, OH); Anal. 
Calcd. for C

42
H

54
N

2
O

8
: C, 70.56; H, 7.61; N, 3.92. Found: C, 

70.34; H, 7.84; N, 3.76.

25,27-Bis-[3-[Bis(hydroxycarbonylmethyl)amino]propoxy]
calix[4]arene, cone 5
To a stirred mixture of calix[4]arene derivative 3 (0.5 g, 
0.6 mmol) in methanol (25 mL) was added a 4M solution 
of aqueous sodium hydroxide (1.8 mL). The mixture was 
boiled under reflux for 24 hours. After cooling to room 
temperature, the solvent was removed under reduced 
pressure. The resulting residue was dissolved in a few 
mL of water which was acidified to pH 1 with an ice-
cold solution of 1M HCl to give a white precipitate. After 
filtration and washing with water until neutrality, the 
residue was dried in an oven overnight (50°C) to give 5. 
Yield: 83%, light green amorphous solid; mp = 246°C; 1H 
NMR (DMSO-d

6
): δ 2.04–2.11 (m, 2H, OCH

2
CH

2
), 3.14 (t, 

J = 5.4 Hz, 2H, CH
2
N), 3.12–3.16 (m, 2H, CH

2
N), 3.41 (d,  

J =  12.9 Hz, 4H, ArCH
2
Ar), 4.04 (t, J = 5.4 Hz, 4H, CH

2
O), 

4.21 (d, J = 12.9 Hz, 4H, ArCH
2
Ar), 6.58 (t, J = 7.2 Hz, 2H, 

Ar-H para), 6.77 (t, J = 7.8 Hz, 2H, Ar-H para), 7.04 (d, J = 
7.8 Hz, 4H, Ar-H meta), 7.13 (d, J = 7.8 Hz, 4H, Ar-H meta), 
8.49 (s, 2H, OH). Anal. Calcd. for C

42
H

50
N

2
O

12
: C, 65.1; H, 

6.5; N, 3.61. Found: C, 64.95; H, 6.32; N, 3.52.

25,26,27,28-Tetra[5-(4-cyanophenoxy)pentoxy]calix[4]arene, 
cone 6
To a solution of calix[4]arene (1.31 g, 3 mmol) in DMF 
(60 mL) was slowly added NaH (0.74 g of 60% dispersion 
in mineral oil, 18.5 mmol). The reaction mixture was 
then stirred at room temperature for 1 h. Then 4-[(5-bro-
mopentyl)oxy]benzonitrile (5 g, 18.5 mmol) was added 
and stirring was continued for 4 days. After that acetic 
acid (0.8 mL) was added to neutralise the excess of NaH. 
The reaction mixture was diluted with water (60 mL), 
and the product was extracted with dichloromethane 
(2 × 60 mL). The organic layer was washed with water, 
dried over Na

2
SO

4
 and the solvent was evaporated under 

reduced pressure. The residue was purified by column 
chromatography in dichloromethane to give 6. Yield: 66%, 
white crystals, mp = 71°C; IR ν

max
 (KBr)/cm−1 2220 (C≡N); 

1H NMR (CDCl
3
): δ 1.56–1.62 (m, 8H, CH

2
), 1.85–1.91 (m, 

8H, CH
2
), 1.98–2.05 (m, 8H, CH

2
), 3.21 (d, J = 13.35 Hz, 4H, 

ArCH
2
Ar), 3.93–4.02 (m, 16H, OCH

2
), 4.45 (d, J = 13.35 Hz, 

4H, ArCH
2
Ar), 6.62–6.64 (m, 12H, Ar-H meta and Ar-H 
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para), 6.89 (d, J = 9 Hz, 8H, H-2’ or H-6’), 7.54 (d, J = 9 Hz, 
8H, H-3’ and H-5’). Anal. Calcd. for C

76
H

76
N

4
O

8
: C, 77.79; 

H, 6.53; N, 4.77. Found: C, 77.92; H, 6.64; N, 4.63.

25,26,27,28-Tetra[5-(4-amidinophenoxy)pentoxy]calix[4]
arene tetrahydrochloride, cone 7
Into a 50 mL dry reaction flask charged with 1M 
LiN(SiMe

3
)

2
 in anhydrous THF (3.5 mmol) was added 

calix[4]arene 6 (0.85 g, 0.72 mmol) in 10 mL of THF, and 
the reaction mixture was kept stirring at room tempera-
ture overnight. The reaction mixture was then cooled to 
0°C, to which was added HCl saturated ethanol (100 mL) 
whereupon a precipitate started forming. The crude mix-
ture was kept at 4°C overnight. The precipitated product 
was then filtered, washed with diethyl ether to yield 7. 
Yield: 82%, white crystals, mp = 81°C; IR ν

max
 (KBr)/cm−1 

1640 (C=N); 1H NMR (DMSO-d
6
): δ 1.51–1.54 (m, 8H, 

CH
2
), 1.74–1.77 (m, 8H, CH

2
), 1.90–1.93 (m, 8H, CH

2
), 

3.15 (d, J = 13.65 Hz, 4H, ArCH
2
Ar), 3.82–3.89 (m, 8H, 

OCH
2
), 3.95–4.01 (m, 8H, OCH

2
), 4.31 (d, J = 13.65 Hz, 4H, 

ArCH
2
Ar), 6.55–6.62 (m, 12H, Ar-H meta and Ar-H para), 

6.95 (d, J = 8.7 Hz, 8H, H-prime or H-6’), 7.65 (d, J = 8.7 Hz, 
8H, H-3’ and H-5’), 9.23 (bs, 12H, NH

2
/NH.HCl). Anal. 

Calcd. for C
76

H
92

Cl
4
N

8
O

8
: C, 65.79; H, 6.68; N, 8.08. Found: 

C, 65.95; H, 6.76; N, 8.29.

25,26,27,28-Tetra{5-[4-(N-hydroxyamidinophenoxy)pentoxy]}
calix[4]arene, cone 8
A mixture of hydroxylamine hydrochloride (0.24 g, 3.41 
mmol) in anhydrous DMSO (5 mL) was cooled to 5°C 
under nitrogen and potassium t-butoxide (0.38 g, 3.41 
mmol) was added in portions. The mixture was stirred for 
30 min, then calix[4]arene 6 (0.2 g, 0.17 mmol) was added. 
The reaction mixture was stirred overnight at room tem-
perature and then poured slowly onto ice-water. The pre-
cipitate was filtered and washed with water, ethanol then 
petroleum ether to afford 8. Yield: 67%, white crystals, 
mp = 180°C; IR ν

max
 (KBr)/cm−1 3460 (NOH), 3360 and 

3230 (NH
2
), 1640 (C=N); 1H NMR (DMSO-d

6
): δ 1.48–1.51 

(m, 8H, CH
2
), 1.7–1.72 (m, 8H, CH

2
), 1.88–1.9 (m, 8H, 

CH
2
), 3.12 (d, J = 12.75 Hz, 4H, ArCH

2
Ar), 3.82–3.88 (m, 

16H, OCH
2
), 4.31 (d, J = 12.75 Hz, 4H, ArCH

2
Ar), 5.7 (bs, 

8H, NH
2
), 6.5 (t, J = 7.6 Hz, 4H, Ar-H para), 6.57 (d, J = 7.6 

Hz, 8H, Ar-H meta), 6.78 (d, J = 8.4 Hz, 8H, H-2’ or H-6’), 
7.51 (d, J = 8.4 Hz, 8H, H-3’ and H-5’), 9.45 (s, 4H, OH). 
Anal. Calcd. for C

76
H

88
N

8
O

12
: C, 69.92; H, 6.79; N, 8.58. 

Found: C, 70.11; H, 6.58; N, 8.74.

Pharmacology
Cell cultures
The HepaRG cells which were obtained from a liver 
tumour (hepatocarcinoma) from a female patient were 
cultured as previously described [42]. They were main-
tained in William’s E medium supplemented with 10% 
fetal bovine serum, 100 U/ ml penicillin, 100 µg/ml strep-
tomycin, 5 × 10−5  M hydrocortisone hemisuccinate and 
5 µg/ml insulin. Cells were seeded at 2 × 104 cells/cm2 in 

96-well microplates for the LDH and cell nuclei counting 
measurements.

Cell treatments
The various derivatives were compared to the tridentate 
hydroxyphenyltriazole ICL670 (Deferasirox, Exjade™)  
(I, Figure 1) [44]. Stock solutions of each molecule (10 mM) 
were prepared in DMSO. The solubility of each derivative 
in the culture medium for the concentration range 0–400 
µM was preliminarily verified by turbidimetry measure-
ment. Three controls were used for each experiment: 
one with the standard culture medium, and the other 
with the culture medium supplemented with DMSO at 
the concentration used for ICL670 and calix[4]arenes 
tests. The DMSO supplemented controls lower than at a 
concentration of 1% DMSO did not show any differences 
with the standard medium controls. Therefore only the 
results obtained with controls without the DMSO have 
been reported.

Solubility of the chelators
The solubility of the new calix[4]arenes were estimated 
in phosphate buffer saline (PBS) solution and in the 
cell culture medium containing 10% FCS. Solutions of 
the various compounds (400, 200, 100, 50, 25 μM) were 
prepared in 96-well microplates by diluting the 10 mM 
stock solutions in DMSO in 200 μL of PBS and culture 
medium. The absorbance (turbidity) of the solutions was 
measured at 590 nm, out of the absorption range of the 
chromophores. The results were expressed as percentage 
of absorbance (turbidity) with respect to the values in the 
absence of test compound.

Comparison of chelator efficiency in aqueous phase
The cellular labile iron pool (LIP) is a pool of chelatable 
and redox-active iron, which plays a key role as a cross-
roads of cell iron metabolism. The ability of iron chelators 
to mobilise this temporary iron pool bound to low-mo-
lecular weight and low-iron affinity chelators (citrate, 
ascorbate, phosphate and adenosine triphosphate) is an 
essential factor influencing their biological efficiency. So, 
an acellular calcein test was performed to compare the 
potential ability of the various compounds and ICL670 as 
a reference, to compete for this chelatable iron pool in a 
physiological medium. In solution, calcein, a fluorescein-
ated analog of EDTA, binds Fe(II) and more slowly Fe(III). 
The pFeIII value of calcein, which corresponds to the 
negative logarithm of the free Fe(III) concentration at pH 
7.4 and in the presence of Fe(III) and calcein concentra-
tions of 1 and 10µM, respectively, was previously reported 
to be 20.3 [45]. The fluorescence of this metallo-sensor 
dye is quenched during its interaction with iron and 
conversely is restored during the removal of iron from 
the [calcein-Iron] complex by various chelators. The rate 
and extent of the fluorescence recovery depends on the 
chelator concentration, the kinetic and stoichiometry of 
iron binding and the relative binding affinity. This metal 
chelating dye, mainly used to estimate cellular iron level 
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was previously shown to be oxidatively degraded by Fe(II) 
in a H

2
O

2
-dependant pathway [46]. Therefore we checked 

first that the calcein-Fe(III) complex, which probably 
involves also ferric hydroxide and ferric oxide interactions, 
is not degraded in our experiment conditions (4 hour in 
HEPES buffer at pH 7.3, data not shown). Fluorescence 
(λ

Exc
=485nm, λ

Em
=520nm) of calcein (100 nM) in an 

HEPES buffer (20 mM HEPES, 150 mM NaCl, pH 7.3) 
was measured at room temperature in a microplate fluo-
rescence reader (Packard, Fusion™ ), equipped with an 
orbital stirring. The Fe(III) (1 µM) slowly reacted with cal-
cein and the maximal quenching of its fluorescence was 
observed for a time in excess of 6 hours. The fluorescence 
recovery was monitored after 4 hours incubation in the 
presence of various chelator concentrations. The results 
were expressed as a percentage of the fluorescence recov-
ery with respect to the free calcein fluorescence intensity 
measured in the absence of iron.

Cytostatic and cytotoxic effects measurements
The chelator exposure experiments were performed one 
day after the cell seeding in the proliferating HepaRG 
cells. After 72h incubation at 37°C, the cell supernatants 
were collected for cytotoxicity measurement by measur-
ing the extracellular LDH activity (cytotoxicity detection 
kit (LDH), Roche, Penzberg, Germany). The extracellular 
LDH activity was measured as described by the manufac-
turer on a 20 μL aliquot of the cell free medium obtained 
by centrifugation (2500 rpm/min during 5 min). The LDH 
activities were detected by reading the absorbance at 
485 nm. They were reported as a percentage of extracellu-
lar LDH activity with respect to the control value. The data 
were the mean of three independent measurements.

The cell viability was determined by counting the cell 
nuclei after staining with the fluorescent DNA intercalating 
dye Hoechst 33342. The treated HepaRG cells were washed 
with PBS (50 mM pH 7) and fixed with ethanol/acetic acid 
during 20 min at 4°C. The cells were counterstained for 
10 min with Hoechst 33342 dye diluted by 1/1000 (5µg/
mL) in PBS and images were taken with an upright micro-
scope (AxioImager M1, Zeiss, France). The image analysis 
and cell nuclei counting were performed with the simple 
PCI software (C Imaging® Image Analysis System, Compix, 
USA). The data were the mean of three independent mea-
surements. The number of cell nuclei was reported as a 
percentage of the control value. Parameters of the dose-
response curves were deduced from a 4-parameter curve 
fit according to Rodbar [47].

y 
A A  

C 
Cip

A = 
− 

+ 

c m  in c m  ax 

P c m  ax 

1 

+ 
ip 

( )  
 
  

 
  

in which y is the percentage of cell nuclei number with 
respect to the control, A

Cmin
 and A

Cmax
 are the y values 

observed for minimal and maximal chelator concentra-
tions respectively, C is the chelator concentration (C

ip
 at 

the inflection point) and P
ip

 is the slope at inflection point 

of the sigmoid curve. Due to their biphasic feature, the 
dose-response curves were fitted as the sum of two sig-
moids (double 4-parameter fit). The percentages of the 
HepaRG cells involved in each viability response were 
deduced from the A

Cmin
, A

Cmax
 and half maximal inhibi-

tory concentration (IC
50

) values of each sigmoid, which 
were obtained from these fits.

Results and discussion

Chemistry
The synthesis of the new calix[4]arenes 1-8 have been 
accomplished in one or two step(s) starting from calix[4]
arene (Schemes 1 and 3).

The commercially available 3-bromopropylamine 
hydrobromide can be considered as a useful precursor 
of bi-functional compounds when reacted with various 
α-haloesters [48,49] since the ester moiety may be eas-
ily derivatised later on. Therefore, the reaction of 3-bro-
mopropylamine.HBr with methyl bromoacetate in cold 
acetonitrile in the presence of DIEA in excess, gave dime-
thyl 2,2’-[(3-bromopropyl)imino]diacetate 9 (Scheme 2).

Calix[4]arene was prepared from tert-butyl-calix[4]
arene according to already known procedures [50]. Its 
reaction in refluxing acetonitrile with wet K

2
CO

3
 as a 

base, gave a mixture of the mono 1 and the diametri-
cally substituted cone 2 which could be easily isolated 
by column chromatography (17% and 12% yield, respec-
tively). On the other hand, using anhydrous potas-
sium carbonate only gave the 25,27-bis functionalised 
calix[4]arene 2 in a 75% yield without the presence of 
the mono substituted calixarene 1. The calixarene diol 
derivative 3 was synthesised from the corresponding 
ester 1 by reduction with lithium aluminum hydride 
in freshly distilled THF at 0°C, then refluxed overnight 
to give a 70% yield. In an analogous manner to that 
described above, the bis functionalised analogue 4 was 
obtained from the ester derivative 2, although in a very 
low (14%) yield. Surprisingly, the mono diol derivative 
3 was isolated as the major product, meaning that an 
unexpected chain cleavage had occurred in the course 
of the reduction process. The saponification of 2 with 
an aqueous 4M sodium hydroxide solution in methanol 
under reflux gave, after acidification, the 25,27-bis-[3-
[bis(hydroxycarbonylmethyl)amino]propoxy] calix[4]
arene 5 in a 83% yield (Scheme 1). These reactions selec-
tively led to calix[4]arene derivatives in the cone confor-
mation, as substantiated by the characteristic chemical 
shift (δ = 4.09–4.38 and 3.39–3.47 ppm) and the coupling 
constants (J = 12.9–13.8 Hz) of the two types of diaste-
reotopic proton signals of the methylene bridges.

The cone conformation of the monoalkylated 3 was 
confirmed by the 1H NMR spectrum. A typical pattern rep-
resented by one 4H doublet at 3.41 ppm for the equatorial 
protons, and two 2H doublets at 4.18 and 4.26 ppm for the 
axial protons of the bridging methylene (ArCH

2
Ar) were 

observed. Indeed, the monoalkylated 1 exhibited a similar 
pattern whereas its cone conformation was unambiguously 
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proven by X-ray crystallography. Contrary to the NMR 
spectrum of compound 1, the OH phenolic groups were 
indifferenciated and appeared in a large singlet centered to 
3.87 ppm along with the two aliphatic alcohols. The spec-
trum of the monoalkylated 1 showed two sharp signals for 
the OH groups at 9.44 (2H) and 9.72 ppm (1H). This indi-
cated that two H bonds were weaker than the other one 
and were probably formed by the two opposite phenolic 
OH groups with the neighbouring alkoxy oxygen atom, 
which bore less negative charge than the hydroxyl oxygen 
atom. [51] Finally, 1 and 3 exhibited a similar pattern for 
the aromatic protons with 3 H para at 6.6 ppm, 1 H para for 
the substituted phenyl ring at 6.77 ppm and the remaining 
8 H meta in the range 6.92–7.02 ppm for 3, and 6.74, 6.92 
and 7.04–7.14 respectively for compound 1.

The reaction of the calix[4]arene with 6 equiv. 4-[(5-
bromopentyl)oxy]benzonitrile [52] in dry DMF and in 
the presence of NaH as a base gave the desired tetra alky-
lated calix[4]arene 6 (Scheme 3) [53–55]. The use of NaH 
in DMF ensures the formation of the calix[4]arene in the 
cone conformation. The 1H NMR spectrum of 6 show-
ing the characteristic two doublets at 3.21 and 4.45 ppm 
(J = 13.35 Hz) for the bridging ArCH2Ar protons indicates 
a cone structure for compound 6. The tetra-nitrile calix[4]
arene 6 was then converted to the tetra-amidine calix[4]
arene 7 by the action of lithium trimethylsilylamide 
(LiN(TMS)

2
) in THF following by acid hydrolysis [56,57]. 

The reaction of hydroxylamine in DMSO solution on the 
tetra nitrile 6 resulted in the formation of the desired 
tetra-amidoxime calix[4]arene 8 [58].
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Scheme 1.  Synthesis of calix[4]arenes 1-5. Reagents: (i) wet K
2
CO

3
, N-3-Bromopropyl-N,N-bis(methoxycarbonylmethyl)amine 9, CH

3
CN, KI, reflux; 

(ii) anhydrous THF, LiAlH
4
, 0°C then 90°C; (iii) anhydrous K

2
CO

3
, N-3-Bromopropyl-N,N-bis(methoxycarbonylmethyl)amine 9, CH

3
CN, KI, reflux; 

(iv) 1) aqueous solution of NaOH 4M, MeOH; 2) HCl, H
2
O.
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The 3D structures of the calix[4]arenes 1, 2 and 3 were 
established by X-ray crystallography analysis [59] and con-
firmed the cone conformation in the solid state (Figure 3) 
as anticipated on the basis of 1H NMR data. The molecules 
adopt a “pinched-cone” conformation commonly found 
in calix[4]arenes in the cone conformation. With respect 
to the reference methylene plane C8, C16, C38, C46, 
the interplanar angles of C1-C6, C9-C14, C17-C22 and 

C39-C44 rings in 1 are 47.94(9)°, 68.61(9)°, 58.69(8)° and 
57.57(9)°, respectively. In 2, the same angles are noticed 
at 67.17(7)°, 48.41(9)°, 68.6(8)° and 53.56(5)°, respectively. 
In compound 3, the interplanar angles between C8, C26, 
C34, C42 and the C1-C6, C9-C14, C27-C32 and C35-C40 
rings are noticed at 45.04(9)°, 75.19(8)°, 44.86(9)° and 
55.02(9)°, respectively. The angles between the aromatic 
units of the calix[4]arene skeleton through the meth-
ylene carbons are 111.3(2)°, 114.5(2)°, 110.6(2)° and 
111.4(2)° for 1, 112.5(2)°, 110(2)°, 113.6(2)° and 110.8(2)° 
for 2, and 115.9(3)°, 110(3)°, 111.6(3)° and 114.8(3)° for 3, 
respectively. Not surprisingly, in the three cone calix[4]
arenes, the [(2-methylethanoate)amino]propoxy or 
[(2-hydroxyethyl)amino]propoxy chains adopt various 
conformations. Moreover, they do not present a regular 
conformation.

OH
OH OH OH

O
O O O

OO O

NC CN CN

O
O O O

O OO O

HN
HN HN

NH
NH2

NH2

NH2

NH2

O
O O O

O
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HON HON
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6 7
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Scheme 3.  Synthesis of calix[4]arenes 6–8. Reagents: (i) NaH, Br(CH
2
)

5
OC

6
H

4
CN, DMF; (ii) 1) LiN(TMS)

2
, THF; 2) HCl, EtOH; (iii) NH

2
OH.HCl, 

t-Bu-OK, DMSO.

Br NH2•HBr Br N CO2Me

CO2Me

9

i

Scheme 2.  Synthesis of N-3-Bromopropyl-N,N-bis(methoxycarbonyl- 
methyl)amine 9. Reagents: (i) BrCH

2
COOMe, DIEA, MeCN, 0°C.
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Pharmacology
Comparison of chelator efficiency in the aqueous phase
An efficient iron chelator such as ICL670, is able to remove 
and to interact with iron complexed to calcein (totally 
quenched fluorescence) and consequently, to release flu-
orescent free calcein. The ICL670 concentration inducing 
50% of the maximal dequenching of calcein (ED

50
, Table 

1) is close to 0.23µM. The chelating efficiency of ICL670, 
deduced from this calcein assay, can be compared to that 
of other iron chelators such as O-Trensox (ED

50
 = 0.6µM) 

or desferal (DFO, ED
50

 = 0.2µM). The various calix[4]
arene (1, 3, 4 and 7) were inefficient to restore the calcein 
fluorescence in this range of concentration (ED

50
>30µM), 

while in contrast the compound 5 (ED
50

 = 0.46µM) exhib-
ited a higher chelating efficiency.

Biological effects in the human hepatocarcinoma HepaRG cell 
cultures
In the proliferating HepaRG cells, a dose-dependent 
decrease of cell viability, measured by counting cell nuclei 

number after Hoechst staining, was observed after a 72 h 
cell treatment in the presence of increasing concentra-
tions of all compounds (Figure 4A, 0 up to 400 µM). The 

Table 1.  50% of the maximal dequenching of calcein (ED
50

).
Comparison of iron(III) chelating efficiency by using calcein 
fluorescence measurements in a cell-free system. Fluorescence 
of 100 nM calcein (λ

Exc
 = 485nm, λ

Em
 = 520nm) in Hepes buffer 

(20 mM HEPES, 150 mM NaCl, pH 7.3) was detected in a 
microplate fluorescence reader (free calcein). Iron(III) (1 
µM) totally quenched the calcein fluorescence and addition 
of compounds including ICL670 used as a chelator reference 
led to a fluorescence recovery depending on the chelator 
concentration, the kinetic and stoichiometry of their iron binding 
affinity.
Compound ED50 (µM)
1 >30
3 >30
4 >30
5 0.46
7 >30
ICL670 0.23
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Figure 3.  The ORTEP drawing of calix[4]arenes 1–3. Displacement ellipsoids are drawn at the 30% probability level, H atoms are omitted for 
clarity.
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dose-response curves were biphasic for ICL670 and com-
pound 7 and to a lesser extent for compounds 3 and 5. 
These curves were fitted as a double four-parameters fit to 
calculate the percentage of cells involved in each viabil-
ity component as well as their corresponding IC

50
 values 

(Table 2). The low concentration components involved 
65% of the HepaRG cells treated with ICL670 (IC

50
 = 4µM), 

20% with compound 3 (IC
50

 = 6µM), 30% with compound 
5 (IC

50
 = 30µM) and 70% with compound 7 (IC

50
 = 27µM). 

As deduced from the low LDH leakage in the superna-
tants (Figure  4B and Table 2), the chelator treatments in 
this range of concentration (<20µM) were not cytotoxic 
for ICL670 and compound 5. In contrast, the decrease in 
cell viability induced by compound 4 at low concentration 
(IC

50
 = 8µM) corresponded to a cytotoxic effect, associated 

with membrane damage and LDH leakage. The decrease 
in cell viability observed at the low chelator concentra-
tion of compounds 3 and ICL670 (<20µM), was totally 
reversed by addition of 20µM exogenous Fe(III). The cyto-
static effect induced at the low concentrations of these 
two compounds on proliferating HepaRG cells was not 
associated with membrane damage. The decrease in cell 
viability for chelator concentrations higher than 100µM 
(Figure  4A) was associated with LDH leakage in the cell 

supernatants (Figure  4B) and was probably due to the 
cytotoxic effects of both the chelators and DMSO. In this 
range of concentrations, the addition of 20µM exogenous 
Fe(III) was inneffective to reverse the cytotoxic effect of 
the various compounds.

Conclusion

The low solubility of the methyl calix[4]arene ester 2, 
tetra nitrile calix[4]arene 6 and tetra amidoxime calix[4]
arene 8 in aqueous solvents and more particulary in cell 
culture medium, prevented us from studying their bio-
logical efficiency.

With the exception of compound 5 (ED
50

 = 0.46µM), 
the Fe(III)-chelating efficiency of these new calix[4]arene 
derivatives, deduced from the calcein fluorescence recovery 
in solution, remained low (ED

50
>30µM) compared to that 

of ICL670 (ED
50

 = 0.23µM). On the basis of their inability 
to remove and interact with iron complexed to calcein, we 
deduced that the compounds were not efficient iron chela-
tors. The calix[4]arene derivatives were shown to reduce 
viability of the proliferating HepaRG cells. Low concentra-
tions of compound 4 ((IC

50
 = 8µM) induced a cytotoxicity 

leading to membrane damage and LDH leakage in the cell 
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Figure 4.  Effect of chelators on cell viability (A, cell nuclei counting after Hoechst stain) and cytotoxicity (B, LDH release in supernatant) in proliferat-
ing HepaRG cell cultures. Four days after seeding HepaRG cells were maintained in culture for 72 hours with various concentrations of compounds 1  
(__◆__ ), 3 (__■__), 4 (__▲__), 5 (__●__ ), 7 (__∆__) and ICL670 (−.-◊−.-)

Table 2.  Biological effect of a 72 h treatment of HepaRG cells with various calix[4]arene compounds. Cell viability was evaluated by cell 
nuclei counting after Hoechst stain. Parameters of the biphasic dose-response curves, including the IC

50
 values, were deduced from 

a four parameters fit (see methods). LDH leakage in cell supernatant for compound concentration 100µM was used as an index of 
membrane damages (cytotoxicity). Data expressed as a percent of the control (absence of compound) are the mean of three independent 
experiments.

Compound IC50 µM (%)without Fe(III) IC50 µM (%)+Fe(III) 20µM
%LDH without Fe(III) 

([chel]=100µM)
%LDH +Fe(III) 20µM 

([chel]=100µM)
1 58 (100%) 61 (100%) 278 322
3 6 (20%) 32 (80%) 28 (100%) 424 459
4 8 (100%) 8 (100%) 438 416
5 30 (30%) 155 (70%) 30 (30%) 165 (70%) 111 134
7 27 (70%) >200 (30%) 32 (70%)  >200 (30%) 210 206
ICL670 4 w(65%) 105 (35%) 80 (100%) 136 140
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supernatants. As deduced from the absence of an effect of 
exogenous iron, the effect of calix[4]arene on cell viability 
was not correlated to iron depletion, with the exception of the 
cytostatic contribution of compound 3 and ICL670, which 
were observed at low concentration (<20µM). This effect, 
dependent on iron depletion, remains to be further explored 
in order to understand the cytostatic effect of compound 3. 
Finally, the new substituted calix[4]arenes could open the 
way to new valuable medicinal chemistry scaffolding.
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