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Abstract Novel chiral calix[4]arene derivatives func-

tionalized at the lower rim have been prepared from the

reaction of p-tert-butylcalix[4]arene diamine or acylhydr-

azine derivative with mandelic acid or hydroxyisovaleric

acid. The structures of these receptors were characterized

by FTIR, 1H, 13C and 2D COSY NMR spectroscopy and

elemental analysis. The transport of amino acid derivatives

(phenylalanine, phenylglycine and tryptophan methyl ester

hydrochlorides) was studied through bulk liquid membrane

in the presence of chiral calix[4]arene derivatives. The

receptors have been found to act as carriers for transport of

aromatic amino acid methylesters from the aqueous source

phase to the aqueous receiving phase. The transport rate

and L/D selectivity of amino acid esters studied depend

strongly upon the structure of the chiral receptors and

guests. The best enantioselectivity was obtained in the case

of phenylglycine methyl ester for all chiral carriers.
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Introduction

Chirality is a major concern in the design, discovery,

development and marketing of new drugs [1–4]. This

interest can be attributed largely to a heightened awareness

that enantiomers of a racemic drug may have different

pharmacological properties in terms of activity, potency,

toxicity, transport mechanism and metabolic route. Thus,

one stereoisomer may produce the desired therapeutic

activities while the other may be inactive or, in worst cases,

produce harmful effects [5]. Therefore, there is a great

interest in obtaining those compounds with the required

enantiopurity. Although a variety of methods are available

to obtain enantiopure compounds, e.g., from natural sour-

ces, fermentation, or asymmetric synthesis, or by resolution

of racemates, [6, 7] the separation of racemates is still the

most important industrial approach for the preparation of

enantiomerically pure compounds. Compared to other

methods including crystallization, chromatography, and so

forth extractive separation of liquid membrane is widely

used in chiral separation process [8–10] due to its cost

effectiveness, low energy demand, set-up simplicity and

the possibility to be used in continuous mode.

Amino acids represent an important naturally occurring

class of compounds and also known to be very useful

building blocks in the production of drug intermediates and

employed as reagents or catalytic agents in asymmetric

synthesis [11]. Therefore the study of the enantiomeric

recognition and separation of amino acids is of particular

significance for understanding the transport process of

these compounds through the cell membrane, design of

asymmetric catalysis systems, new pharmaceutical agents

[12], and separation materials [13].

In the literature, various types of receptors including

cyclodextrins [14], cucurbit[n]urils [15], resorcin[4]arene

[16], crown ethers [17], cryptands [18], macrocyclic

pseudopeptides [19] or guanidine derivatives of sterols [20]

reported on the chiral separation of biologically important

molecules. Calixarenes as an important molecular scaffold
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have been widely used for the construction of artificial host

molecules, which have found applications in various fields

[21–25]. Since they are emerging as a new class of syn-

thetic macrocycles possessing extensive host–guest chem-

istry, chiral calixarenes are of particular importance for the

enantioselective recognition and/or discrimination of chiral

compounds. Although, many chiral calixarenes containing

chiral residues at either the wide or the narrow rim have

been prepared as chiral receptors and catalysts [26, 27],

only a few calix[4]arene derivatives have been reported for

the enantioselective transport of chiral compounds [28–30].

In a continuation of our recent studies in this field, we

herein report the synthesis of novel calix[4]arene deriva-

tives functionalized with chiral substituents at the lower

rim and their potential applications as carriers in transport

of amino acid methyl esters through bulk liquid membrane.

Experimental

General

Melting points were determined on an Electrothermal 9100

apparatus in a sealed capillary. 1H, 13C and 2D COSY NMR

spectra were recorded at room temperature on a Varian

400 MHz spectrometer in CDCl3. IR spectra were obtained

on a Perkin Elmer spectrum-100 FTIR spectrometer with the

attenuated total reflection (ATR) technique and the absorp-

tion values are given as wavenumbers (cm-1). UV/Vis

spectra were measured with a Perkin Elmer Lambda 25

spectrometer. Optical rotations were measured on an Atago

AP-100 digital polarimeter using a 1 dm cell. Elemental

analyses were performed using a Leco CHNS-932 analyzer.

An Orion 2 Star pH Benchtop pH meter was used for the pH

measurements. Analytical TLC was performed using Merck

prepared plates (silica gel 60 F254 on aluminum). Flash

chromatography separations were performed on a Merck

Silica Gel 60 (230–400 Mesh). All reactions, unless other-

wise noted, were conducted under a nitrogen atmosphere.

Materials

All starting materials and analytical grade amino acid

methyl esters: phenylalanine methyl ester hydrochloride

(PhAlaOMe), phenylglycine methyl ester (PhGlyOMe) and

tryptophan methyl ester hydrochloride (TrpOMe) were

purchased from Fluka, Merck and Sigma-Aldrich and were

employed without further purification. Chloroform

(dielectric constant er = 4.81) was distilled before use.

Toluene was distilled from CaH2 and stored over sodium

wire. Other commercial grade solvents were distilled, and

then stored over molecular sieves. The drying agent

employed was anhydrous MgSO4. All aqueous solutions

were prepared with deionized water that had been passed

through a Millipore milli-Q Plus water purification system.

Synthesis

Compounds 1 and 2 were synthesized according to the

literature procedures [31, 32].

General procedure for the synthesis of chiral

calix[4]arene derivatives 3–6

N,N0-Dicyclohexylcarbodiimide (0.186 g, 0.9 mmol) was

added slowly to a stirred solution of (L)-(?)-mandelic acid

or (S)-hydroxyisovaleric acid (0.8 mmol), 1 or 2 (0.4 mmol)

and N-hydroxysuccinimide (0.104 g, 0.9 mmol) in anhy-

drous THF (10 mL) at 0 �C under a nitrogen atmosphere.

The cooling bath was removed and reaction mixture was

stirred overnight, filtered and the cake of dicyclohexylurea

washed with THF (2 9 5 mL). The solvent was removed

under reduced pressure, and the residue dissolved with

10 mL ethyl acetate. The solution was extracted succes-

sively with saturated sodium carbonate, water, 2 M HCl,

water and brine and dried over MgSO4. The solvent was

removed under reduced pressure and the crude product

purified by flash chromatography on silica gel eluting with

hexane–ethyl acetate mixtures.

Chiral p-tert-butylcalix[4]arene a-hydroxy amide (3)

Yield 81%; white crystal; mp 97–99 �C; a25
D = ?83.0

(c 4.64, CHCl3). IR (cm-1): 3344, 2954, 1655, 1530, 1485;
1H NMR (400 MHz, CDCl3): d (ppm) 7.89 (t, 2H, J =

5.6 Hz PhCHCONH), 7.47–7.45 (m, 4H, ArH), 7.32–7.28

(m, 6H, ArH), 7.11–7.07 (m, 6H, ArH ? ArOH),

6.78–6.75 (m, 4H, ArH), 5.14 (s, 2H, CHOH), 4.22 (d, 2H,

J = 13.1 Hz, ArCH2Ar), 4.09 (d, 2H, J = 13.4 Hz,

ArCH2Ar), 4.02–3.97 (m, 2H, OCH2), 3.94–3.88 (m, 2H,

OCH2), 3.77–3.68 (m, 2H, NHCH2), 3.50–3.42 (m, 2H,

NHCH2), 3.34 (d, 4H, J = 13.3 Hz, ArCH2Ar), 2.31–2.24

(m, 2H, CH2), 2.02–1.94 (m, 2H, CH2), 1.33 (s, 18H,

C(CH3)3), 0.95 (s, 18H, C(CH3)3); 13C NMR (100 MHz,

CDCl3): d (ppm): 173.8, 150.0, 149.8, 147.6, 143.0, 139.7,

132.6, 131.9, 128.7, 128.3, 128.1, 126.7, 126.2, 125.7,

125.6, 75.9, 74.7, 74.6, 38.1, 34.2, 31.9, 31.7, 31.2, 29.9,

29.0. Anal. Calcd for C66H82N2O8 (1031.39): C, 76.86, H,

8.01, N, 2.72%. Found: C, 76.93, H, 7.91, N, 2.64%.

Chiral p-tert-butylcalix[4]arene a-hydroxy amide (4)

Yield 74%; white crystal; mp 94–96 �C; a25
D = –79.5 (c 4,

CHCl3). IR (cm-1): 3362, 2957, 1781, 1708, 1654, 1536,
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1484; 1H NMR (400 MHz, CDCl3): d (ppm) 8.20–8.17 (m,

2H, CHCONH), 7.09 (d, 2H, JAB = 2.4 Hz, ArH), 7.04 (d,

2H, JAB = 2.4 Hz, ArH), 6.68 (d, 2H, JAB = 2.4 Hz, ArH),

6.64 (d, 2H, JAB = 2.4 Hz, ArH), 6.63 (s, 2H, ArOH), 4.20

(d, 2H, J = 13.1 Hz, ArCH2Ar), 4.12–4.05 (m, 4H,

OCH2), 4.02–3.92 (m, 6H, NHCH2 ? ArCH2Ar ?

CHOH), 3.50–3.45 (m, 2H, NHCH2), 3.33 (dd, 4H

J = 13.8, 13.2 Hz, ArCH2Ar), 2.60 (bs, 4H, CHOH ?

CH(CH3)2), 2.25–2.17 (m, 2H, CH2), 2.13–2.05 (m, 2H,

CH2), 1.30 (s, 18H, C(CH3)3), 1.07 (d, 6H, J = 6.9 Hz,

CH3), 0.87–0.86 (m, 24H, C(CH3)3 ? CH3); 13C NMR

(100 MHz, CDCl3): d (ppm): 175.6, 172.5, 171.5, 150.5,

149.4, 147.5, 143.2, 132.4, 131.3, 128.5, 128.0, 126.3,

125.8, 125.5, 60.7, 38.9, 34.2, 34.1, 34.0, 31.9, 31.8, 31.6,

31.3, 31.1, 29.0, 25.6, 21.3, 20.0, 15.9, 14.4. Anal. Calcd

for C60H86N2O8 (963.35): C, 74.81, H, 9.00, N, 2.91%.

Found: C, 74.85, H, 9.07, N, 2.84%.

Chiral p-tert-butylcalix[4]arene a-hydroxy amide (5)

Yield 76%; white crystal; mp 114–116 �C; a25
D = ?31.4

(c 1, CHCl3). IR (cm-1): 3279, 2955, 1715, 1649, 1482; 1H

NMR (400 MHz, CDCl3): d (ppm) 11.18 (s, 2H, PhCH-

CONH), 9.76 (s, 2H, OCH2CONH), 7.94 (s, 2H, ArOH),

7.56–7.33 (m, 10H, ArH), 7.09–6.94 (m, 8H, ArCH2ArH),

5.25 (s, 2H, CHOH), 4.70, 4.45 (2xd, 4H, J = 15.1 Hz,

ArOCH2CONH), 4.23–4.12 (m, 4H, ArCH2Ar), 3.38 (dd,

4H J = 13.2, 9.8 Hz, ArCH2Ar), 1.26 (s, 18H, C(CH3)3),

1.09 (s, 18H, C(CH3)3); 13C NMR (100 MHz, CDCl3):

d (ppm): 170.7, 167.3, 149.5, 149.2, 148.7, 143.2, 139.0,

132.8, 132.7, 128.8, 128.5, 127.3, 127.2, 127.1, 126.6,

126.4, 125.9, 125.8, 74.3, 74.1, 34.4, 34.1, 31.8, 31.3. Anal.

Calcd for C64H76N4O10 (1061.33): C, 72.43, H, 7.22, N,

5.28%. Found: C, 72.67, H, 7.14, N, 5.17%.

Chiral p-tert-butylcalix[4]arene a-hydroxy amide (6)

Yield 72%; white crystal; Mp 179–182 �C; a25
D = –46.0 (c 2,

CHCl3). IR (cm-1): 3286, 2957, 1712, 1671, 1479; 1H NMR

(400 MHz, CDCl3): d (ppm) 11.12 (s, 2H, CHCONH), 9.63

(s, 2H, OCH2CONH), 8.00 (s, 2H, ArOH), 7.09–7.07 (m, 4H,

ArH), 7.01–6.98 (m, 4H, ArH), 4.87, 4.61 (2xd, 4H,

J = 15.1 Hz, ArOCH2CONH), 4.26 (dd, 4H J = 13.6,

13.0 Hz, ArCH2Ar), 4.17–4.15 (m, 2H, CHOH), 3.47 (dd,

4H J = 13.7, 13.3 Hz, ArCH2Ar), 2.67 (s, 2H, CHOH),

2.20–2.12 (m, 2H, CH(CH3)2), 1.27 (s, 18H, C(CH3)3), 1.10

(s, 18H, C(CH3)3), 1.03 (d, 6H, J = 6.9 Hz, CH3), 0.93

(d, 6H, J = 6.8 Hz, CH3); 13C NMR (100 MHz, CDCl3):

d (ppm): 171.7, 166.8, 149.4, 148.9, 148.5, 143.0, 132.6,

132.5, 127.1, 126.8, 126.6, 126.1, 125.8, 125.6, 76.2, 74.1,

34.2, 33.9, 32.3, 31.9, 31.6, 31.0, 19.1, 16.0.Anal. Calcd for

C58H80N4O10 (993.29): C, 70.13, H, 8.12, N, 5.64%. Found:

C, 70.22, H, 8.01, N, 5.56%.

Transport experiments

Transport experiments were run at 25 �C in the custom-

made, U-type glass tube for 24 h (Fig. 1). The bulk liquid

membrane consisted of 10 mL of chloroform containing

the chiral calixarene derivatives 3–6 at a concentration of

2 9 10-4 M. The membrane phase was stirred magneti-

cally at 300 rpm. The source phase contains 5 mL of

aqueous solution of amino acid methyl ester (Fig. 2) (the

concentrations ranged between 2.0 9 10-4 and

7.0 9 10-3 M, depending of the amino acid methyl ester)

at pH = 5.5 present in one arm (left in Fig. 1) whereas the

aqueous receiving phase, 5 mL (pH = 1.5) is present in the

other arm (right in Fig. 1). Blank tests indicated that the

transport of guests was negligible. In order to determine the

concentration of transported guests, corresponding samples

were periodically withdrawn from the aqueous receiving

phases in each experiment and the changes in concentra-

tions of analytes were measured spectrophotometrically.

All measurements were performed in triplicate under strict

similar conditions to check reproducibility.

The flux (J) of each enantiomer was calculated

according to the Eq. 1 [33, 34]:

J ¼ VrDCr

At
ð1Þ

where t is the time in s, DCr is the concentration difference

of receiving phase, Vr the receiving volume of receiving

phase and A is the effective membrane area. This is the flux

from the start of the experiment till time t.

The enantioselectivity was calculated in terms of the

flux ratio (a), corresponds to the flux of the one enantiomer

with respect to the other enantiomer

Fig. 1 Schematic device of the transport experiments. (a) Source

phase (5 mL): amino acid methyl ester hydrochloride (pH = 5.5)

(2 9 10-4 or 7 9 10-3 M); (b) Receiving phase (5 mL): pure water

(pH = 1.5); (c) Organic membrane phase (10 mL): CHCl3; carrier:

chiral calix[4]arene derivatives (3–6) (2 9 10-4 M)
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a ¼ JD

JL
ð2Þ

Results and discussion

Design and synthesis of new chiral calix[4]arene

derivatives

Chiral a- and b-hydroxy amides are useful building blocks

for the synthesis of biologically active compounds and also

used as chiral ligands in enantioselective reactions in the

presence of Lewis acids [35, 36]. Calixarenes bearing

a-hydroxy amide unit have received much attention

because of their special structures and good complexing

properties toward anions and cations [37]. In order to

synthesize calix[4]arene a-hydroxy amides, first we have

obtained diamino (1) and acylhydrazine (2) derivatives of

calix[4]arene using known procedures in two steps starting

from p-tert-butylcalix[4]arene (Scheme 1).

Then, treatment of 1 and 2 with enantiopure (L)-(?)-

mandelic acid or (S)-hydroxyisovaleric acid in the presence

of dicyclohexylcarbodiimide (DCC) and N-hydroxy-

succinimide in dry THF led to the formation of the chiral

calix[4]arene derivatives in good yields as shown in

Scheme 2. Previously, Felix et al. reported a three step way

for obtaining a-hydroxyamide derivative of calix[4]arene

involving condensation of a-ketoacid chlorides with the

diamino calix[4]arene, followed by a reduction process

[38].

The products were fully characterized by a combination

of 1H, 13C and 2D COSY NMR, FT-IR and elemental
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analysis (see supplementary material). The cone confor-

mation of all compounds were reflected in the character-

istic AB system for the methylene groups bridging the

aromatic rings in the 1H and 13C NMR spectra as expected

in the light of the de Mendoza and Prados rule [39]. But

surprisingly, there were two pairs of doublets at 7.09 and

7.04 as well as 6.68 and 6.64 ppm with coupling constants

of 2.4 Hz, respectively for protons on phenol rings of the

calixarene scaffold in the 1H NMR spectrum of 4. This

result simply indicates that each phenol ring of 4 is not

symmetrical. In addition, ArCH2Ar methylene groups

showed three or four doublets instead of two doublets,

which indicates that there are two different kinds of

ArCH2Ar methylene groups. As previously reported in the

literature [40, 41], this can be explained by the presence of

chiral substituents and indicates a significant degree of

structural rigidity.

Liquid membrane transport of amino acid methyl esters

In previous studies, some analytical applications of func-

tionalized calix[4]arenes varyingly substituted by acid,

azacrown or amido functions, glycolic chains and hydroxyl

groups towards biological compounds have been reported

[42–44]. Mainly the OH groups and amido functions

known for their ability to form hydrogen bonds, oxygen-

cation interactions and electrostatic interactions may play a

role in binding of the amino acid esters. With the optical

pure calix[4]arene derivatives bearing both hydroxyl

groups and amido functions in hand, we then studied the

transport ability of these receptors as enantioselective

carries for aromatic amino acid methyl esters across liquid

membranes.

For the initial studies, phenylalanine methyl ester hydro-

chloride (PhAlaOMe.HCl) was assayed for its enantiomeric

transport with chiral receptors 3–6. Chiral calix[4]arene

derivatives showed the highest transport efficiency towards

phenylalanine among all the amino acid esters studied

(Fig. 3). This can attributed to the favorable p–p interaction

between the phenyl group in PhAlaOMe.HCl and the aromatic

moieties in carriers as well as hydrophobicity.

As shown in Fig. 4 as a representative sample, chiral

receptor 3 shows not only good transport abilities for the

enantiomers of PhAlaOMe.HCl but also recognize the

chirality of the L- or D-isomer. Chiral macrocyclic carriers

3 and 6 showed relatively higher transport rate for the

enantiomers of PhAlaOMe.HCl when compared with other

receptors 4 and 5 where chiral calix[4]arene derivative 3
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Scheme 2 Synthesis of chiral

a-hydroxyamide derivatives of

calix[4]arene 3–6. Reaction

conditions: (i) mandelic acid,

DCC, N-hydroxysuccinimide,

dry THF, 0 �C ? rt.; (ii)
hydroxyisovaleric acid, DCC,

N-hydroxysuccinimide, dry

THF, 0 �C ? rt

Fig. 3 Bar plots of fluxes of PhAlaOMe.HCl for hosts 3–6
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exhibited the best enantioselectivity affording a flux ratio

of (L/D) 1.43.

In the case of phenylglycine methyl ester (PhGly-

OMe.HCl), as compared with PhAlaOMe.HCl, it lacks a

methylene spacer between the amine group and the aro-

matic ring, the transport sequence has been found that the

order of carriers is 5 [ 3 [ 6 [ 4. The enantiomer desig-

nated L form had a relatively higher flux in all cases

investigated, which is probably due to the more comple-

mentary structure of L-enantiomer with receptors. The

highest L/D selectivity was observed with hosts 3 and 6,

affording flux ratios of 2.77 and 2.23 respectively. From

the data displayed in Fig. 5 and Table 1, chiral receptors 3

and 5 which both have a phenyl group instead of the iso-

propyl group showed considerable higher transport rates.

The facilitated transport of tryptophan methyl ester

hydrochloride through a liquid membrane was also studied

in the presence of chiral calix[4]arene derivatives. As can

be seen from Table 1 and Fig. 6, all macrocyclic carriers

showed significantly lower transport rates and selectivities

for the enantiomers of TrpOMe.HCl than other amino acid

esters. While the best transport rate was obtained when

chiral calix[4]arene derivative 5 was employed as carrier,

the best enantioselectivity was obtained with receptor 6

with a flux ratio value of 1.24.

All macrocyclic carriers showed much higher transport

rate for the enantiomers of PhAlaOMe.HCl and PhGly-

OMe.HCl than the enantiomers of TrpOMe.HCl, indicating

that there may be stronger interaction between carrier and

PhAlaOMe.HCl and PhGlyOMe.HCl induced by hydrogen

bonds, charge transfer as well as p–p interaction. The

enantiomer designated L form had higher flux values than

that of the D form in all cases investigated. The chiral

carriers 3–6 are generally similar in that all contain

hydrogen bonding sites defined by carbonyl oxygen, amide

nitrogen, and a-hydroxy groups at roughly similar positions

with respect to the phenoxy oxygen. With chiral carrier 4,

relatively low transport rates and selectivities were

observed for amino acid esters. This might be related to the

lack of p–p stacking between aromatic moieties and results

to the weak steric interactions of those substituents with the

amino acid ester molecule. As in the case of receptors 3

0
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Fig. 4 UV-Vis spectrum of (a) 2.0 9 10-4 M PhAlaOMe.HCl;

(b) Receiving phase of (L) PhAlaOMe.HCl after transport experiment

with 3; (c) Receiving phase of (D) PhAlaOMe.HCl after transport

experiment with 3

Fig. 5 Bar plots of fluxes of PhGlyOMe.HCl for hosts 3–6

Table 1 Transport data through liquid membrane

D-Trp-OMe.HCl L-TrpOMe.HCl D-PhAlaOMe.HCl L-PhAlaOMe.HCl D-PhGlyOMe.HCl L-PhGlyOMe.HCl

Host J24 9 10-9 (mol 9 m-2 9 s-1) aT J24 9 10-9 (mol 9 m-2 9 s-1) aT J24 9 10-9 (mol 9 m-2 9 s-1) aT

3 4.08 ± 0.16 4.38 ± 0.19 1.07 (L) 341.08 ± 1.76 488.00 ± 1.99 1.43 (L) 105.23 ± 0.74 291.07 ± 1.41 2.77 (L)

4 4.39 ± 0.18 4.87 ± 0.20 1.11 (L) 230.09 ± 1.35 261.86 ± 1.60 1.14 (L) 108.43 ± 0.83 214.95 ± 1.19 1.98 (L)

5 6.25 ± 0.25 7.28 ± 0.27 1.17 (L) 241.60 ± 1.55 302.16 ± 1.61 1.25 (L) 171.23 ± 1.10 310.58 ± 1.59 1.81 (L)

6 5.10 ± 0.18 6.30 ± 0.26 1.24 (L) 359.31 ± 1.87 381.70 ± 1.83 1.06 (L) 98.52 ± 0.74 220.06 ± 1.18 2.23 (L)

J24 = Flux of transported amino acid methyl esters after 24 h (mol m-2 s-1); aT = ratio of fluxes: higher/lower flux; TrpOMe.HCl = Tryptophan methyl ester

hydrochloride; PhAlaOMe.HCl = Phenylalanine methyl ester hydrochloride; PhGlyOMe.HCl = Phenylglycine methyl ester hydrochloride

(D) or (L) indicates the preferential form of enantiomers

Fig. 6 Bar plots of fluxes of TrpOMe.HCl for hosts 3–6
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and 5, the introduction of a phenyl group affects consid-

erably the transport rate and enantioselectivity. This could

be attributed to the favorable p–p interactions between the

phenyl moiety of the carrier and the aromatic fragment of

the guest.

Conclusion

In conclusion, novel chiral calix[4]arene a-hydroxy amides

were synthesized by the reaction of p-tert-butylca-

lix[4]arene diamine or acylhydrazine derivative with

enantiopure carboxylic acids. The transport abilities of

these receptors towards amino acid esters have been stud-

ied by UV-Vis spectroscopy. The receptors exhibited dif-

ferent transport abilities and enantioselectivities towards

the enantiomers of guests. Amongst the amino acid esters

investigated, the highest enantioselectivities were observed

for PhGlyOMe.HCl with chiral calix[4]arene derivatives.

The results indicate that steric hindrance, structural rigidity

or flexibility and p–p stacking between the aromatic groups

may be responsible for the enantioselective transport.
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