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Abstract. Stability constants of the host—guest complexes of octakis(diethoxyphosphoryloxy)
tetramethylcalix[4]resorcinarene (RA) with different benzene derivatives (alkyl benzenes, halo-
genated benzenes, substituted aldehydes, phenols and benzoic acids) were determined by the reversed
phase high-performance liquid chromatography (RP HPLC) method (Separon SGX C 18, UV detec-
tor at 254 nm and acetonitrile-water, 86 : 14, v/v, as mobile phase) from the relationship between the
aromatic guest capacity factors and the RA host concentration in the mobile phase. The constants are
within the range 17-596 M, dependent on the size, nature, position and quantity of the substituents

in the benzene ring of the guest molecules.

Key words: reversed phase high-performance liquid chromatography, calix[4]resorcinarene, host—
guest complexes, stability constants.

1. Introduction

Calix[4]resorcinarenes composed of four resorcine units linked via alkylidene
groups are intensively investigated as host molecules able to recognize guests of
different nature due to their cavity shaped architecture [1, 2]. The complexing
properties of the calixresorcinarenes have been examined in solution [3, 4], the
crystalline state [5-8], the gaseous phase [9] and two dimensional solids (Langmuir
Blodgett (LB) films) [4, 10-12]. The binding of metal cations, anions, organic
and inorganic molecules has been demonstrated. The calixresorcinarene derivatives
have been used for the design of sensor devices which are able to detect hydrogen
chloride, ammonia [12] and aromatic molecules [10, 11, 13, 14] in air, and to
recognize sugars in aqueous solution [4].

* Author for correspondence.
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In order to increase the binding properties of calixresorcinarenes their
phosphorus containing derivatives were synthesized and investigated [15—
19]. One of the compounds synthesized, i.e., octakis(diphenoxyphosphoryloxy)
tetramethylcalix[4]resorcinarene (RA) was used for the separation of benzene
derivatives by the extractive crystallization method [7].

R = (PhO),P(O)

In this work we investigated host—guest complexation of the easily available
RA with different benzene derivatives in acetonitrile-water solution. The reversed
phase high-performance liquid chromatography method was used for this aim. The
stability constants of the complexes were determined under these conditions. The
data obtained could be useful in the design of calixarene based sensors.

2. Experimental
2.1. MATERIALS

All samples of benzene derivatives were of the best quality available and were
purchased from various suppliers. RA was prepared by reaction of tetramethyl-
calix[4]resorcinareneoctol with diphenylchlorophosphate and triethylamine in ace-
tonitrile solution [15]. RA and the starting tetramethylcalix[4]resorcinareneoctol
are now available from Acros Organic.

2.2. RP HPLC ANALYSIS

The mobile phase, i.e., acetonitrile-water eluent containing RA at concentrations
of 1.6 x 1073; 3 x 103 and 45 x 103 M was prepared by dissolving the RA in
acetonitrile—water (86 : 14, v/v) solution at the ambient temperature. Analysis for
each RA concentration was performed three times. The aromatic guest solutions
for injections with concentration of each solute(s) & & 10~* M were prepared
using a solvent identical with the mobile phase. The amount of the sample injected
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A B C
Figure 1. Schematic representation of the pseudorotation prodes€ ¢ boat B — crown
conformation).

was 20uL. Each of the samples was analyzed five times. The dead tyneas
determined by using NaNOThe retention times of the solutes were determined
after 7 h elution when the column was saturated with RA. The RA capacity factor,
k', was 8.65.

2.3. MEASUREMENTS

The liquid chromatographic system consisted of a UV-visible detector, high-
pressure pump HPP 4001 (Czech Republic) connected to a Rheodyne Model
sample 7120 injector (20L, Rheodyne Inc., Berceley, CA). The column (2583

mm 1.D.) was packed with Separon SGX C 18 (LaChema Czech Republic).

3. Results and Discussion

The stereochemistry of octaphosphorylated calix[4]resorcinarenes was first in-
vestigated in detail by théH NMR method [15, 20]. In accordance with
the data the RA molecule exists in the so callemht conformation in which

two opposite benzene rings are coplanar with the main macrocyclic plane
formed by carbon atoms of the methine bridges and the two others are per-
pendicular to the planeCh, symmetry). A similarboat conformation, investi-
gated in detail by X-Ray crystallography, is observed in octakis(tosyloxy)- and
tetrakis(dipropoxyphosphoryloxy)tetramethylcalix[4]resorcinarenes [7, 21].

The RA boat conformation is stereochemically flexible. The rapid pseudo-
rotation process (Figure 1) consisting in site exchange of the benzene rings with the
coplanar and perpendicular orientation is observed in solution at room temperature.
Thecrownconformation is intermediate in this transition. The activation energy of
the process is strongly dependent on the solvent {§IID > CDCk > CCly) [20].

In view of the above consideration it might be suggested that complexation
of guest species by the RA host molecule is associated with the conformational
flexibility of the macrocyclic skeleton formed by the four benzene rings.

Host—guest complexation of calixarenes with organic guest molecules in solu-
tions are usually investigated by the NMR method. Recently the reversed phase
high-performance liquid chromatography method was used for the investigation
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of the complexing properties of calixarenes [21, 23]. It was shown that addition
of calixarenes or calixresorcinarenes to the mobile phase leads to the reduction of
retention times of aromatic molecules investigated as solutes. The reduction of the
retention times is explained by formation of host—guest inclusion complexes of the
macrocyclic hosts with aromatic molecules in solution. This complexation weakens
the interaction of the solutes with the stationary phase. The stability constants of
the complexes were determined from the relationship between the aromatic guest
capacity factors and the macrocyclic host concentration in the mobile phase.

This method was used for the stability constant determination of the com-
plexes of RA with a number of benzene derivatives (Table 1) in acetonitrile—water
(86: 14, viv) solution. The investigated guest molecules bear at the benzene ring
substituents of different size and nature: chlorine and bromine atoms, methyl,
trichloromethyl, ¢-butyl, nitro, amino, hydroxyl, formyl and carboxyl groups.
These substituents determine the capacity factdsof the solutes, as well as
the efficiency of the host—guest complexation. To calculate the stability constants
of the host—guest complexes Equation (1) [21, 23, 24] was used:

1/k' = 1/k} + [RA]/Ka x k} 1)

wherek; andk’ are the capacity factors in the absence and presence of RA in the
mobile phase; [RA] is the concentration of RA in the mobile phaseBxds the
stability constant of the complex.

The main conditions of the correct utilization of Equation (1) are as fol-
lows: Firstly, the linear dependence i6fvs. RA concentration in the range from
1.6 x 102 to 4.5 x 1072 M (Table I) confirms formation of the host—guest
complexes in a 1:1 composition; secondly, the sorption of RA as well as RA-
solute complexes on the stationary phase may be neglected. These assumptions are
confirmed by the following data. The plate number of the column as well as the
asymmetry coefficient of the RA chromatographic peak (1.15) do not depend on
the RA concentration in the mobile phase. For this reason [RA] must be similar to
the RA concentration indicated in Table I.

The stability constants of the inclusion complexes formed by RA and
aromatic guests calculated from Equation (1) are presented in Table |. The
stability constants lie in the region from 17 ¥ (tert-butylbenzene) to 598
M~ (p-bromotoluene) dependent on the size, nature, quantity and position of
the substituents (fluorine, chlorine, bromine atoms, methyl, methoxyl, trifluoro
(trichloro)methyl,tert-butyl, hydroxyl, nitro, amino, formyl and carboxyl groups)
at the benzene rings of the guest molecules. The substituents determine the man-
ner and efficiency of the host—guest binding as a result of the different physical
interactions: coulombic dipole-dipole forces, hydrogen bonds, solvatophobic in-
teractions etc. Sometimes, the substituents influence the bonding of the guests
molecules in the opposite directions. For example, amino, hydroxyl and carboxyl
groups increase the complexation efficiency due to the hydrogen bond formation
with oxygen atoms of the RA P=0O groups. On the other hand, these substituents
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Table I. Capacity factors of the guest§, k', Ak’ = k' — k and the host-guest stability constaig

kg K (AK) Ka, M1
Noadd. 1.6x103M 3x103M 45x103M (RSD, %)

Alkylated benzenes:

1 tert-butyl-

Benzene 1.21 1.18(0.03) 1.15(0.06) 1.11(0.10) 17(11.48)

2 Toluene 1.42 1.34(0.08) 1.28(0.14) 1.25(0.17) 59(11.14)
3 Benzene 1.08 0.99(0.09) 0.90(0.18) 0.88(0.20) 61(10.19)
4 m-Xylene 2.18 1.67(0.51) 1.56(0.62) 1.54(0.64) 131(5.0)

5  Trichloromethylbenzene 1.28 1.02(0.26) 0.90(0.38) 0.85(0.43) 157(9.46)
6  Trifluoromethylbenzene 1.54 0.93(0.61) 0.72(0.82) 0.48(1.06) 428 (5.35)

Halogenated benzenes:

7 o-Dichlorobenzene 1.43 1.34(0.09) 1.25(0.18) 1.23(0.20) 48(12.51)
8  p-Dichlorobenzene 1.54 1.44(0.10) 1.32(0.22) 1.25 (0.29) 52(8.16)

9 Chlorobenzene 0.78 0.70(0.08) 0.64(0.14) 0.60(0.18) 71(4.34)
10  o-Bromotoluene 2.46 1.35(0.11) 1.0(1.46) 0.93(1.56) 538(6.47)
11  p-Bromotoluene 1.87 0.95(0.92) 0.69(1.18) 0.53(1.34) 596 (3.32)
Aldehydes:

12 Salicyl aldehyde 0.67 0.63(0.04) 0.60 (0.07) 0.57 (0.10) 40(3.88)
13 Veratraldehyde 1.01 0.89(0.12) 0.82(0.19) 0.76(0.25) 78(6.52)
14  Benzaldehyde 0.73 0.65(0.08) 0.58(0.15) 0.53(0.20) 82(5.07)
15 Anisaldehyde 1.0 0.87(0.13) 0.80(0.20) 0.71(0.29) 89(6.10)
Substituted phenols:

16  \Veratrole 0.73 0.65(0.18) 0.58(0.15) 0.54(0.19) 80(5.37)
17  p-Chlorophenol 1.0 0.87(0.13) 0.80(0.20) 0.70(0.30) 91(4.68)
18  p-Cresol 1.0 0.87(0.13) 0.77(0.23) 0.70(0.30) 97(3.31)
19  p-Fluorophenol 0.92 0.87(0.05) 0.68(0.24) 0.65(0.27) 100(13.87)
20  1,2,3-Trihydroxybenzene  0.60 0.50(0.10) 0.46(0.14) 0.39(0.21) 114(10.97)
21  p-Bromophenol 1.0 0.82(0.18) 0.76(0.24) 0.68(0.32) 116(15.91)
22 Phenol 0.97 0.81(0.16) 0.73(0.240 0.60(0.37) 123(11.44)
23 Guaicol 1.95 1.45(0.50) 1.23(0.72) 1.0(0.95) 209(6.01)
24  p-Aminophenol 0.60 0.40(0.20) 0.31(0.29) 0.25(0.35) 311(0.16)
Carboxylic acids:

25  p-Toluic 1.13 1.11(0.02) 1.09(0.04) 1.06(0.05) 29 (3.91)
26  m-Toluic 1.11 1.0(0.11) 0.94(0.17) 0.86(0.25) 64(7.95)
27  B-Phenyl Acrylic 0.92 0.82(0.10) 0.74(0.18)  0.68(0.24) 77(13.86)
28  o-Phthalic 1.09 0.94(0.15) 0.86(0.23) 0.73(0.36) 97(11.33)
29  p-Nitrobenzoic 0.73 0.63(0.10) 0.55(0.18) 0.52(0.21) 100(10.21)
30 p-Cumaric 0.95 0.80(0.15) 0.69 (0.26)  0.60(0.35) 128(2.38)
31 o-Nitrobenzoic 0.61 0.50(0.11) 0.44(0.17) 0.38(0.23) 133(3.53)
32  o-Chlorobenzoic 0.53 0.43(0.10) 0.38(0.15) 0.32(0.21) 141(6.23)
33  p-Chlorobenzoic 0.65 0.52(0.13) 0.46(0.19) 0.40(0.25) 144 (7.27)
34  p-Hydroxybenzoic 0.60 0.49(0.11) 0.41(0.19) 0.36(0.24) 146(5.21)
35 3,4,5-Trihydroxybenzoic ~ 0.71 0.57(0.14) 0.50(0.21) 0.42(0.29) 149(5.17)
36 o-Aminobenzoic 0.10 0.08(0.02) 0.07(0.03) 0.06(0.04) 149 (4.40)
37  m-Hydroxybenzoic 0.22 0.18(0.04) 0.16(0.06) 0.12(0.10) 149(21.30)
38 Benzoic 0.83 0.67(0.16) 0.57(0.26) 0.50(0.33) 150(1.50)
39  m-Aminobenzoic 1.0 0.80(0.20) 0.66(0.34) 0.58(0.42) 163(5.48)
40  p-Aminobenzoic 0.60 0.48(0.12) 0.42(0.18) 0.32(0.28) 164(16.52)
41 o-Fluorobenzoic 0.20 0.16(0.04) 0.12(0.08) 0.10(0.10) 209(10.57)
42 m-Nitrobenzoic 0.72 0.51(0.21) 0.41(0.10) 0.36(0.36) 244(7.65)
43 p-Phthalic 0.83 0.50(0.33) 0.40(0.43) 0.39(0.44) 389(9.25)
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lead to an increase of the guests hydrophilicity and a decrease of their solvatopho-
bic interactions with RA molecules in acetonitrile—water solution. Solvatophobic
interactions increase the influence of the lipophilic alkyl groups. But, bulky alkyl
groups hinder the complexation process sterically. The discussion of the calcu-
lated constants reflects the complicated character of the substituent groups on the
host—guest interactions.

The stability constants of benzene, toluene, chlorobenzene, dichlorobenzene (
and p-isomers), veratrole, as well as benzaldehyde and its derivatives (excluding
salicyl aldehyde) have similar values from 59 to 89 'MAt the same time the
introduction in the benzene moleculk/ = 61 M) of the bulkytert-butyl group
restricts the inclusion of the guest molecule in the RA cavity and leads to a three
fold decrease oK (Ka = 17 M71).

Phenols interact with RA more effectively)kg = 91-311 M) due to the
additional hydrogen bond formation with phosphoryl groups. The larggsis
observed forp-aminophenol (311 M) due to hydrogen bond formation, N—

H- - -O=P, between the amino and P=0 group. At the same time the OH group in the
salicyl aldehyde reduces the host—guest interaction by the intramolecular hydrogen
bond OH - -O=C and the constant stability is only 40#% The replacement of the

OH group in the guaicol molecule&k(, = 209 M%) by a OCH; group leads to a
decrease irk of 2.5 times K4 for the veratrole is only 80 M'). This may be
explained by the hydrogen bond formation between the OH groups of the guaicol
molecule and the P=0 groups of the RA molecule.

Stronger complexesky = 97-398 M!) were observed for carboxylic acids
(excluding p- andm-toluic acids withKx = 29 and 64 M?). The largestK, is
observed fop-phthalic acid (389 M?), where two COOH groups form hydrogen
bonds with the RA molecule. ThE, of the o-phthalic acid is only 97 M* due to
the formation of the hydrogen bonds between neighbouring COOH groups.

The highest stability constants among the investigated benzene derivatives are
given byo-bromotoluene K = 538 M%) and p-bromotoluene K =596 M™1).

A similar increase of the stability constants influenced by the insertion of bromine
atoms into the aromatic guest molecule was also observed for the complexes of
alphacyclodextrin with butyrophenone derivatives [24]. For example spectropho-
tometric investigation of the complexation in aqueous solution showed that the
replacement of Cl in they-chlorobutyrophenone guest moleculéx(= 72 M™Y)

by Br leads to a tenfold increase in tig, (Ka = 760 M™1).

The stability constants presented in Table | are similar to Kevalues of
alphacyclodextrin complexes of the aromatic molecules in methanol-water so-
lution (50:50) determined by the RP HPLC method [25]. &q, values of the
alphacyclodextrin complexes were 4 M (p-nitroaniline), 84 M (p-cresol)
and 129 M (p-nitrophenol). TheK values of the complexes in water where
the solvatophobic (hydrophobic) interactions play the main role were lakger(

2045, 408, and 1148 M respectively).
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The presented data testify that the RA complexing ability in respect to the
aromatic guest molecules is similar to the ability aipha-cyclodextrin, which
up to now is considered as one of the classical host molecules in supramolecular
chemistry.

4. Conclusion

The easily available octakis(diphenoxyphosphoryloxy)calix[4]resorcinarene forms
host—guest complexes with benzene and its different alkyl, halogen, nitro, amino,
hydroxyl, formyl, carboxyl derivatives in acetonitrile-water solution. The associ-
ation constants of the complexes range from 17 to 596 Mependent on the
size, nature, position and quantity of substituents on the benzene ring of the guest
molecule. The RA complexing ability is similar to the abilityalpha-cyclodextrin

under these conditions.
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