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The effect of 5,11,17,23-tetrakis(diisopropoxyphosphonyl)-
25,26,27,28-terapropoxycalix[4]arene on the chromatographic
separation of ecologically hazardous aromatic compounds

Aim. To study the effect of 5,11,17,23-tetrakis(diisopropoxyphosphonyl)-25,26,27,28-tetrapropoxycalix[4]
arene additive to the MeCN/H,O mobile phase on selectivity of the HPLC separation of aromatic compounds
using a Zorbax ODS support.

Results and discussion. Calixarene improves the separation due to formation of the Host-Guest inclusion
complexes. The linear dependence of 1/k’ on the calixarene concentration allows calculating the stability constants
K, of the complexes. The correlation of the separation selectivity induced by the calixarene additives with the
ratio of the stability constants of the Host-Guest inclusion complexes of the aromatic analytes was found. The com-
plexation is influenced by logP and pKa parameters of the analytes. Short contacts between the calixarene Host
and the aromatic Guest indicate that the inclusion complexes are stabilized by various hydrogen bonds, non-
valence van der Waals, 11-11 and hydrophobic interactions.

Experimental part. The energy minimized structures of the calixarene complexes with p-fluorophenol, guai-
acol, toluene and trichloromethylbezene were calculated using Hyper Chem 8, PM3, vacuum.

Conclusions. The data obtained can be used in design of new phases for HPLC.

Key words: calix[4]arenes; liquid chromatography; aromatic compounds; inclusion complexes; stability con-
stants; separation selectivity

0. I. KanbueHko, C. O. YepeHok, A. B. ConoBiioB

Bnnue 5,11,17,23-teTpakic(aiizonponokcundoccdoHin)-25,26,27,28-reTpanponokcukarnikcapeHy

Ha xpomaTtorpacpiuHe po3aineHHs eKosoriYHo Hebe3neyHUxX apoMaTUYHUX CMONyK

MeTa. JocnimkeHHst BnnuBy gobasku 5,11,17,23-TeTpakic(aiizonponokcudocdoHin)-25,26,27,28-TeTpanponokcu-
kanikc[4]apeHy oo pyxomoi asm MeCN/H,O Ha cenektuBHicTe BEPX po3gineHHs apoMaTtuyHuX Cronyk 3 Bu-
KopuctaHHam Hacagkm Zorbax ODS.

Pe3ynbTaTtu Ta ix o6roBopeHHsi. KanikcapeH nokpatlye po3gineHHs 3aBasiku hopMyBaHHIO KOMMMEKCIB
BKItoveHHs1 Focnogap-TicTb. JiHiHi xapakTepucTrkm 3anexHocTi 1/k” aHaniTy Big, KOHUEHTpaLi KanikcapeHy 403BO-
NA0Tb PO3paxyBaTh KOHCTaHTW CTinKocTi K, komnnekcis. BcTaHOBNEHO Kopensuito CenekTUBHOCTI PO3AiNeHHs,
iHOyKOBaHy AoAaBaHHAM KanikcapeHy, 3i CriBBiQHOLEHHSIM KOHCTaHT CTIMKOCTI KOMMMEKCIiB BKIMOYEHHS apoma-
TUYHUX aHaniTiB. Ha KOMNNeKkcoyTBOpEeHHs BRNMBatoTb napameTpu logP i pKa aHaniTiB. KopoTki KOHTaKT Mix
KanikcapeHoM Ta apoMaTUYHMMM aHarniTamu cBigyaTtb Mpo Te, L0 KOMMMEKCH BKIIOYEHHST cTabinidytoTbca Boa-
HEeBVMM 3B’si3kaMU, HEBANEHTHUMM BaH Aep BaanbcoBumu, TI-TT Ta rigpodobH1MK B3aEMOAIsMU.

EkcnepumeHTanbHa YyactuHa. Po3paxoBaHi eHepreTMyHo MiHIMi30BaHi CTPYKTYpU KanikcapeHOBUX KOMIM-
nekcie 3 N-pTopoeHoNnom, reasskonom, ToriyeHom i TpuxnopmetunbenseHom (Hyper Chem 8, PM3, Bakyym).

BucHoBku. OTprMaHi AaHi MoxXyTb ByTu BUKOpUCTaHi Anst po3pobku HoBux das ans BEPX.

Knrovoei cnoesa: kanikc[4]lapeHu; piguHHa xpomatorpacdisi; apoMaTuUyHi CMOMyKn; KOMMIIEKCU BKITHOUYEHHS;
KOHCTaHTU CTINKOCTI; CENEKTUBHICTb PO3AiNeHHs

O. U. KanbyeHko, C. A. YepeHok, A. B. ConoBiioB

BnusaHxwue 5,11,17,23-teTpaknc(aumsonponokcmucocdoHunn)-

25,26,27,28-TeTpanponoKkcuKarnmkcapeHa Ha xpomartorpadunyeckoe pasgeneHume

3KOJIOrM4YEeCKU ONacHbIX apoMaTU4YECKUX COeaUHEeHUN

Llenb. Nccnenoanue BnusiHua gobaeok 5,11,17,23-tetpakuc(gumnsonponokcmdocdonnn)-25,26,27,28-tetpa-
nponokcukanukc[4lapexa k nogewxkHon ase MeCN/H,O Ha cenektueHocTb BOXKX pasgeneHns apomatuieckmx
COEOWHEHWI C UCMOSb30BaHMEM HenoaBWXKHOM a3kl Zorbax ODS.

Pe3ynbraTthl M ux obcyxaeHue. KanvkcapeH ynyJliaet pa3geneHne BcrnenctTane oopa3oBaHms KOMMeK-
COB BKINtoYeHUs1 X03auH-TocTb. JInHenHas 3aBucumocTtb 1/k’ aHanmTa OT KOHLUEHTpaLmMKn KanmkcapeHa no3sonseT
paccynTaTb KOHCTaHTbl yCTONYMBOCTM K, KOMMNMEKCOB. YCTaHOBMNEHa KOPPENSALMSA CEeNEKTUBHOCTM pasaeneHms,
Bbl3BaHHasi fOOaBKamMu KanMkcapeHa ¢ OTHOLLEHWEM KOHCTaHT YCTOMYMBOCTU KOMIMIIEKCOB BKITHOUYEHMST XO3AUH-
loctb. Ha komnnekcoobpa3oBaHue BnusitoT napametpbl logP 1 pKa aHanuToB. KOpoTkne KOHTaKTbl MeXay ka-
NMKCapeHOM U apoMaTUYeCKUM roOCTEM CBUAETENLCTBYIOT O TOM, YTO KOMIMIIEKChI BKIMOYEHNS CTabnnmanpyotcs
BOOOPOAHBLIMU CBA3AMM, BaH-Aep-BaanbcoBbiMu, T-TT U ruapod06HBEIMM B3aUMOOENCTBUAMU.

OkcnepuMeHTanbHas 4YacTb. PaccunTaHbl SHEPrETUYECKU MUHUMU3NPOBAHHBLIE CTPYKTYPbl KOMMIIEKCOB Ka-
nukcapeHa ¢ n-TopdeHoNom, rBaskorniom, Toryorom v TpuxrnopmetunoeHsonom (Hyper Chem 8, PM3, Bakyym).

BeiBogbl. [NonyyeHHble AaHHbIE MOTYT ObITb MCNOMbL30BaHbI MpK paspaboTke HOoBbIX a3 ans BAXKX.

Knroveenle cnoea: kanvkc[4]apeHbl; XXMOKOCTHas Xxpomartorpadusi; apoMaTuieckne CoeAMHEHWS; KOMMIEKChI
BKITFOYEHUS; KOHCTaHTbl YCTONYMBOCTU; CENEKTUBHOCTb pasderneHus
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Calix[n]arenes are macrocyclic oligomers consis-
ting of phenolic units linked by methylene spacers;
they are the well known complexing agents that can
be used for separation of organic molecules in solu-
tions [1-10]. These compounds can form supramole-
cular complexes with different molecules and have
been applied for the design of new stationary chro-
matographic phases [11-19], as well as additi-ves [20]
to mobile phases that improve the HPLC separation
of organic and inorganic analytes [21]. In this paper
the effect of 5,11,17,23-tetrakis(diisopropoxyphos-
phonyl)-25,26,27,28-tetrapropoxycalix[4]arene (CA)
additive to the acetonitrile-water mobile phase on the
selectivity of the HPLC separation of some ecologi-
cally hazardous aromatic guest compounds is discus-
sed (Scheme).

Results and discussion

As shown [22], the calixarene additive to the HPLC
mobile phase decreases the capacity coefficients k’ of
aromatic compounds due to formation of the Host-
Guest inclusion complexes. The linear dependence of
1/K’ on the calixarene concentration indicates forma-
tion of the Host-Guest supramolecular complexes and
allows calculating the stability constants K, of the
complexes using the equation (1) [22]:

1/k’=1/k, + K, [CA]/k,,

where: k,, k’- are the capacity coefficients of the Guest
molecule determined in the absence and the presen-
ce of the calixarene additive to the mobile phase.

1.8

Table 1

The values of Ak’ of the analytes induced
by CA additives and stability constants K, [23]
of their complexes with CA

Analyte Ak’ K, M
Trichloromethylbenzene 0.07 13
o-Dibromobenzene 0.07 15
Hexafluorobenzene 0.15 23
p-Bromophenol 0.09 29
p-Chlorophenol 0.13 31
Benzene 0.18 32
Phenol 0.15 32
p-Xylene 0.27 44
Benzaldehyde 0.14 65
p-Cresol 0.21 84
Salicyl aldehyde 0.20 94
Guaiacol 0.73 130
p-Fluorophenol 0.35 146
Toluene 0.70 152

The capacity coefficient k’ of the CA peak is 2.38.
As is shown, CA possesses the linear adsorption iso-
therm (Fig. 1) at the chromatographic support. It means
CA can be used as an additive to the mobile phase.

The change in the capacity coefficients Ak’ of the
analytes induced by CA addition to the mobile phase
was determined (Tab. 1). The correlation of the ana-
lyte Ak’ factors vs the stability constants K, of their
complexes with CA was found (Fig. 2).

The addition of CA to the mobile phase increases
the selectivity of the chromatographic separation of
analytes (Tab. 2).

The correlation of the separation selectivity in-
duced by CA addition with the ratio of the stability
constants of the Host-Guest inclusion complexes of
the aromatic analytes is presented in Fig. 3.

As shown in Fig. 3, the greater is the ratio of the
stability constants S, the better the separation selec-
tivity ratio a,/a, is. The separation ability depends
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Fig. 1. The adsorption isotherm of CA (y = 0.0087x — 0.0455; r = 0.99)
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Fig. 2. The correlation of Ak’ values of the analytes vs their stability constants K, with CA (y = 202.05x + 19.042; r = 0.82)

on the substituent’s nature in the analyte molecules.
The addition of CA to the mobile phase practically does
not affect separation of p-xylene vs benzene (a,/a,=1.01),
however, increases the separation selectivity ratio for
trichloromethylbenzene vs p-fluorophenol and p-bro-
mophenol vs p-fluorophenol (a,/a, = 1.47 and 1.41,
respectively). The increase of the separation can be
explained by formation of the Host-Guest inclusion

complexes between CA and the aromatic analyte mo-
lecules. Fig. 4 demonstrates the energy minimized struc-
tures of CA complexes with p-fluorophenol, guaiacol,

The complexes of p-fluorophenol and toluene de-
monstrate the largest K, values (146 M'and 152 M,
respectively) (Tab. 1) [23]. As shown in Fig. 4a and
4b, p-fluorophenol and guaiacol are included into the
calixarene cavity by their OH groups that form hydro-

Table 2
The separation selectivity of aromatic analytes induced by CA additive to the mobile phase
> glectivity Selectivity after | Selectivity ratio, Stability
Analytes separated W'th.O.Ut CA adding CA, a a,/a constant ratio, S
additive, a, ! o
Benzene vs p-fluorophenol 1.29 1.71 1.33 4.56
Benzene vs benzaldehyde 1.77 1.86 1.05 2.03
Benzene vs salicyl aldehyde 1.91 2.39 1.25 2.94
Benzaldehyde vs hexafluorobenzene 2.05 2.29 1.12 2.83
p-Cresol vs benzene 1.24 1.34 1.08 2.63
p-Cresol vs salicyl aldehyde 1.54 1.78 1.16 1.12
p-Xylene vs benzene 1.03 1.04 1.01 1.38
Hexafluorobenzene vs benzene 1.17 1.23 1.05 1.39
p-Xylene vs p- fluorophenol 1.34 1.66 1.24 332
Benzene vs trichloromethyl-benzene 1.0 1.10 1.10 1.46
Guaiacol vs toluene 1.16 1.24 1.07 1.17
Trichloromethyl-benzene vs p-fluorophenol 1.29 1.89 1.47 11.23
p-Fluorophenol vs phenol 1.02 1.28 1.25 4.56
p-Fluorophenol vs p-chlorophenol 1.55 1.58 1.02 1.03
o-Dibromobenzene vs p- fluorophenol 1.05 1.36 1.3 9.73
p-Bromophenol vs p- fluorophenol 1.04 1.47 1.41 5.03
p-Bromophenol vs p-cresol 1.0 1.15 1.15 2.90
Benzene vs salicyl aldehyde 1.91 2.39 1.25 1.07
Benzene vs benzaldehyde 1.75 1.86 1.05 1.39
p-Xylene vs hexafluorobenzene 1.12 1.27 1.13 6.17
Toluene vs hexafluorobenzene 1.12 1.38 1.23 6.61
Guaiacol vs salicyl aldehyde 2.91 2.65 0.91 1.38
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Fig. 3. Plots of the separation selectivity ratio a,/a, vs the ratio of the stability constants S of CA—analyte complexes

(y = 17.522x — 16.796; r = 0.80)

gen bonds with oxygen atoms at the lower rim of CA.
The hydrophobic part in the p-fluorophenol and guai-
acol molecules is oriented outside of the CA cavity.
In the complex of toluene-CA (Fig. 4c) the toluene mo-
lecule is deeply included into the CA hydrophobic ca-
vity by its hydrophobic CH, group (K, =152 M). As can
be seen in Fig. 4d, trichloromethylbezene bearing the
bulky CCl,; group (K, = 13 M) is included into the
calixarene cavity by the benzene ring. The complexa-
tion does not change the CA regular cone conformation.

Short contacts between the CA and aromatic mo-
lecules (Fig. 4) indicate that the inclusion complexes
are stabilized by various hydrogen bonds, non-valen-
ce van der Waals, -t and hydrophobic interactions.

Fig. 5 presents the linear dependence of the sta-
bility constants K, of the CA complexes from the log P
of the aromatic compounds, thus confirming the role
of the hydrophobic interaction in the process of the
Host-Guest complexation.

An increase of the log P values of the aromatic
compounds decreases the K, values of their comple-
xes with CA (Fig. 5). Fig. 6 demonstrates the correla-
tion of K, of CA complexes with pKa of phenol de-
rivatives.

Experimental part

CA was synthesized by the method described in
[23]. Acetonitrile was obtained from the Acros Orga-

C

d

Fig. 4. The energy minimized structures of CA complexes with p-fluorophenol (a), guaiacol (b), toluene (c) and trichloromethylbezene (d)

(Hyper Chem 8, PM3, vacuum). Hydrogen atoms are not shown
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Fig. 5. Plots of K, vs log P of the aromatic Guests (y = -46.488x + 171.31; r = 0.73)
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Fig. 6. The correlation of K, of CA complexes with phenol derivatives pKa, (y = 45.425x — 381.02; r = 0.73)

nics (Thermo Fisher Scientific, New Jersey - USA), and
analytes were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The chromatographic experiments were
performed in isocratic conditions. The RP HPLC ana-
lysis was performed using the Zorbax ODS column
support. The mobile phases contained calixarene in
the concentrations of 0.76 x 103 M - 3.05 x 103 M.
The UV detector was operated at 254 nm. The samp-
les of the analytes for the RP HPLC analysis were prepa-
red by dissolution of benzene derivatives in the sol-
vent with the identical composition of the mobile pha-
se (MeCN/H,0, 86/14, v/v). The molecular modeling
of the calixarene complexes were carried out using
the Hyper Chem 8.0 program in the force field (PM3) [24].
The structures were calculated by the semi-empiri-
cal method. The RMS gradient was 0.01 kcal/A mol.

54

Conclusions

Addition of 5,11,17,23-tetrakis(diisopropoxyphos-
phonyl)-25,26,27,28-tetrapropoxycalix[4]arene to the
MeCN/H,0 mobile phase improves the RP HPLC se-
paration of benzene derivatives on a Zorbax ODS sup-
port. The separation selectivity depends on the ratio
of the stability constants of the analytes with the ca-
lix[4]arene and is influenced by the analytes log P and
pKa parameters. The molecular modeling of the comp-
lexes demonstrates that the complexes are stabilized
by hydrogen bonds, van der Waals, m-1t, hydropho-
bic interactions. The data obtained can be used for
design of the new stationary phases for RP HPLC.
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flict of interests to declare.
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