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The Host-Guest complexation of 5,17-bis-(N-tolyliminomethyl)-25,27-dipropoxycalix[4]arene with benzoic acids
has been studied by reversed-phase high-performance liquid chromatography (RP HPLC) method (the mobile
phase — MeCN/H,0, 86/14 v/v, the column support — LiChrosorb RP 18, UV detector, . = 254 nm). The study
of the chromatographic behaviour of 5,17-bis-(N-tolyliminomethyl)-25,27-dipropoxycalix[4]arene and benzoic
acids, as well as determination of their main chromatographic characteristics — the retention times t; and capacity
factors k’ have been performed. On the basis of the data obtained the lipophilicity log P, as well as the binding
constants and Gibbs free energies of the complexes of 5,17-bis-(N-tolyliminomethyl)-25,27-dipropoxycalix[4]arene
with benzoic acids have been calculated. The binding constants and Gibbs free energies of the complexes of
5,17-bis-(N-tolyliminomethyl)-25,27-dipropoxycalix[4]Jarene with benzoic acids are in the range of 335-910 M-
or -14.38 — -16.85 kJ/mol, respectively. The influence of the benzoic acids lipophilicity log P and pKa values on
the binding constants K, of the complexes has been examined. It has been found that decrease of the log P and
pKa values increases the binding constants K, of the complexes. Molecular modeling of the complexes revealed
the presence of hydrogen bonds between carboxylic groups of the acids and nitrogen atoms of imino-groups
at the upper rim or oxygen atoms of the hydroxyl groups at the lower rim of the calixarene macrocycle. A linear
dependence of the binding constants from the acid lipophilicity log P indicates a significant role of solvatophobic
interactions during the complexation process.

AOCJIOXEHHST KOMIJIIEKCOYTBOPEHHS 5,17-BIC-(N-TOJIIIIMIHOMETWIT)-25,27-4UTNPOITOKCHKA-
JIIKC[4]APEHY 3 BEH3OUHUMUW KUCJIOTAMU METO4AMU O® BEPX TA MOJIEKYJTAAPHOI'O MOAEJIIO-
BAHHA
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Knrovoei cnoea: kanikcapeHu; 6eH30UHI kucriomu; Memod obepHeHO-¢ha3HOI 8UCOKOEheKMUBHOI PIOUHHOI Xpo-
Mamoezpadbii; KOMIIEeKCU 8KITHOHYEHHS;, KOHCMaHMU 38’13y8aHHSs1

KomnnekcoymeopeHHsi mury licmb-locrnodap 5,17-6ic-(N-moninimiHomemur)-25,27-0unpornokcukanikc[4]apeHy
3 6eH30UHUMU Kucriomamu GocridxeHO MemodoM 0bepHeHO-ghasHOI 8UCOKOeEKMUBHOI PiOUHHOI XpoMamozpa-
i (O® BEPX) (pyxoma ¢baza - MeCN/H,O, 86/14 3a 06’emom, KornoHoYHa Hacadka mapku LiChrosorb RP 18,
Y®-0emexkmop, A = 254 HM). [TposedeHo AocnidXXeHHsI XxpomamoepagiyHoi No8ediHKU ma 8U3Ha4YeHi OCHOBHI
XpomamoepadbiuHi xapakmepucmuku 5,17-6ic-(N-moninimiHomemur)-25,27-0unpornokcukanikc[4]japeHy ma 6eH-
30UHUX Kucriom-cybcmpamie — yac ympumaHHs t, ma koegbiyieHmu emkocmi k'. Ha nidcmaesi ompumaHux 0aHux
pO3paxo8aHo 3Ha4eHHs ninoghinbHocmi log P 6eH300UHUX KUCIIOM, @ MaKoX KOHCmMaHm 38’s3y8aHHs ma 8illbHUX
eHepeil [66ca Komrnekcie kanikcapeHy 3 6eH30UHUMU Kucriomamu. Po3paxoeaHi 3Ha4eHHs1 KOHCmaHm 38’si-
3ysaHHs1 ma einbHUX eHepeil 66ca komrinekcie 5,17-6ic-(N-moninimiHomemurn)-25,27-0unporiokcukanikc[4]ape-
Hy 3 6eH30UHUMU Kucriomamu 3Haxo0simbcsi 8 mexax 335-910 M ma -14.38 — -16.85 k[»x/monb, 8idnosioHo.
HocnidxeHo ennus ninoginbHocmi log P ma pKa 3amiuwieHux 6eH30UHUX KUC/I0m Ha KOHCmaHmu 38’s3yeaHHs K,
Ix Komrinekcie 3 kanikcapeHom. BcmaHoesneHo, wo kKoHcmaHmu 36’a3ysaHHs K, 36inbwyombcsi o Mipi 3HUWKEHHS
3Ha4eHb ninoginsHocmi log P ma pKa 6eH3olHuUx kucriom. [NposedeHo mMonekynsipHe MoOenoeaHHsI KOMIIIEKCig
BKJIIOYEHHSI, SIKE 8Ka3ye Ha Hasi8HICMb B0OHEBUX 38’3Ki68 MiX KapbOoKcunbHUMU 2pynamu 6eH30UHUX Kuc/iom ma
amomamu 800H!0 iIMIHO2PYIT 8EPXHBO20 BiHUS abo amomamu KUCHIO 2i0POKCUbHUX epyn HUXHBO20 8iHUS KarliK-
capeH08020 Makpouukny. JliHiliHa 3anexHicmb KoHCmaHm 38’s3ye8aHHs1 8i0 ninogbinsHocmi log P kucriom exka3ye
Ha MoMimHy poJib coslbe8amoghobHUX 83aemMOoQili NMpu ix KOMIeKcoymeopeHHi 3 5,17-bic-(N-moninimiHomemuri)-
25,27-0unporiokcukarnikc[4japeHom.

HNCCJIEQOBAHUE KOMITIIEKCOOBPA30OBAHMUA 5,17-BUC-(N-TOJTUTTUMUHOMETUIN)-25,27-UTNMPOIMNMOKCH-
KAJINKC[4]JAPEHA C BEH3O0WHbIMU KUCITOTAMU METOLAMMU O® BI)XXX U MOJIEKYJISIPHOIO MO-
HAEJINPOBAHUA
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Knroyeenie cnoea: kanukcapeHbl; 6eH30UHbIe Kucrnomabl; Memod obpaujeHHOga3Hol 8bICOKO3IhheKmMUBHOU
JKUOKOCmMHOU XxpomMamozpaghuu; KOMIMIIEKChI 8KITOYEHUS, KOHCMaHMb! C853bi8aHUs

KowmninekcoobpasosaHue muna locmb-Xo3suH 5,17-6uc-(N-monunumuHomemur)-25, 27-0unpornokcukanukcl4jape-
Ha ¢ 6eH30UHbIMU KuCriomamu uccriedo8aHo MemoOoM obpalieHHOGa3HOU 8bICOKOIGhHEKMUBHOU XKUOKOCMHOU
xpomamoepagpuu (O® BIXKX) (nodsuxHas paza — MeCN/H,O, 86/14, kornoHoyHas HacaOka mapku LiChrosorb
RP 18, Y®-0emekmop, L = 254 HM). [IposedeHo uccriedosaHue xpomMamoepaghudeckoz2o nogedeHust U orpe-
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OereHbl 0OCHOBHbIE XpoMamozpaghudeckue xapakmepucmuku 5,17-6uc-(N-monunumuHomemunn)-25,27-0unpon-
OKcuKarnukc[4]apeHa-peuenmopa u 6eH30UHbIX Kucriom-cybcmpamos — epemeHa yoepxxusaHus t, u Koaghgu-
yueHmsbl emkocmu k’. Ha ocHoge nory4eHHbix aHHbIX paccdumaHbl 3HadeHust nunogunsHocmu log P 6eH3ou-
HbIX KUCITIOM, @ makKXe KOHCmaHm ces3bl8aHusi U c80600HbIx aHepaull [ubbca komnnekcos 5,17-6uc-(N-mo-
nunumuHomemurn)-25,27-dunponokcukanukc[4JapeHa ¢ 6eH30UHbIMU KUC/Iomamu. PaccyumarHblie 3Ha4eHUs KOH-
cmaHm cesi3bieaHus1 U c80600HbIX aHepauli lubbca Haxodsimesi 8 npedernax 335-910 M u -14.38 — -16.85 k[Px/morib,
coomeemcmeeHHo. HccriedosaHo enusiHue nunogunsHocmu log P u pKa 3ameweHHbix 6eH30UHbIX KUciom Ha
KOHCmaHMmbI cesidbieaHusi K, UX KOMITIIEKCO8 C KaluKCapeHOM. YCmaHo81eHOo, Ymo KOHCmMaHmbI cesidbieaHusi K,
gospacmarom o Mepe CHUXeHus 3Ha4eHud nunogunsHocmu log P u pKa 6eH30lHbIx kucriom. [NposedeHHoe
MOneKynsipHoe MoOesiupo8aHUe KOMIT/IEKCO8 r1oKa3aso Hanu4ue 8000pPO0HbIX cesi3eli Mex0y KapboKCUbHbIMU
epynnamu 6eH30UHbIX KUC/I0m U amomamu 8o0opoda UMUHOPyn eepxHeao 060da unu amomamu Kuciopoda
2UOPOKCUIbHbIX epyrnn HUXHe2o 0600a KarukcapeHo08020 Makpoyukna. JluHelHas 3a8UCUMOCMb KOHCMaHmM
ces3bigaHusi om nunogunsHocmu log P kucriom yka3bieaem Ha 3aMemHyto porib cobeamogOobHbIX 83aUMo-
Oeticmeuti rpu Komrnekcoobpasoearuu ¢ 5,17-6uc-(N-monunumuHomemuri)-25, 27-0UnporoKcuKanuKkc[4japeHom.

Molecular recognition, separation, membrane trans-
port and analytical sensing of biorelevant molecules
by artificial receptors constitute an important prob-
lem in chemistry and biology [1-7]. Calixarenes - «mac-
rocyclic vases», which are easily available through
the cyclocondensation of para-substituted phenols
with formaldehyde, are widely used as molecular
platforms for construction of specific receptors ca-
pable of highly selective recognition between fairly
similar substrates [8, 9, 10]. Apparently, the outstand-
ing receptor properties of functionalized calixarenes
toward the biorelevant molecules make them highly
promising materials for sensor technologies [11], as
well as Host molecules for drug delivery systems in
pharmaceutical science [5, 6, 8, 12-17].

In this paper we report about the Host-Guest com-
plexation study of 5,17-bis-(N-tolyliminomethyl)-25,
27-dipropoxycalix[4]arene Host (CA) with a series
of 0-, M-, p-substituded benzoic acids as the Guests
(Chart).

Benzoic acids are widely used as drugs, and their
salts as carriers of specific anions. In medical prac-
tice benzoic acid is used as an antibacterial and an-
tifungal medicine for skin diseases and mycosis. Ben-
zoic acid is a constituent of Whitfield’s ointment, which
is used for treating fungal skin diseases such as tinea,
ringworm, and athlete’s foot [18]. Its esters (from
methyl to amyl) are used in the perfume industry.
Hydrochloride of §-diethylaminoethyl ester of p-am-
inobenzoic acid is known as Novocain drug with a
moderate anesthetic activity and a wide spectrum of

TolN=CH

CA Host

CH=NTol

the therapeutic action. p-Aminobenzoic acid (PABA)
is the growth factor of microorganisms and its de-
rivatives are used as effective antibacterial agents.
PABA has been referred to as Vitamin B,,. Some bac-
teria in the human intestinal tract such as E. coli gen-
erate PABA from chorismate [19].

Information on the supramolecular Host-Guest
interaction of CA with benzoic acids will be useful in
design of calixarene based sensors or drug delivery
systems for the biorelevant acids.

Experimental Part

The RP HPLC study was performed on a Hitachi
chromatograph (Hitachi, Ltd., Tokyo, Japan) consist-
ing of a high-pressure pump connected to a Rheo-
dyne sample 7120 injector with a 20 pL loop (Rheo-
dyne, Berkeley) and an ultraviolet-visible detector.
The column (250x4.6 mm i.d.) was packed with Li-
Chrosorb RP-18 (Merck, Germany). Acetonitrile was
obtained from Acros Organics. Carboxylic acids were
purchased from Sigma-Aldrich. CA was synthesized
by the method [20]. The acetonitrile-water (86:14,
v/v) mixture was used as a blank mobile phase. The
calixarene based mobile phases were prepared by
dissolving CA in the acetonitrile-water (86:14, v/v)
mixture to obtain the CA concentration of 0.05-0.6 mM.
The analytes for injections were dissolved in the same
acetonitrile-water (86:14, v/v) mixture (C = 0.01 mM).
The amount of the sample injected was 20 pL. All chro-
matograms were recorded at 22°C. The UV detector
was operated at 254 nm. The mobile phase contain-

COOH

1-19

Guests

R =H (1), 0-Cl (2), m-Cl (3), p-Cl (4), 0-CH, (5), m-CH, (6), p-CH, (7), 0-NH, (8), m-NH, (9), p-NH, (10),

0-NO, (11), m-NO, (12), p-NO, (13), 0-OH (14), m-OH (15), p-OH (16), 0-COOH (17), m-COOH (18),

p-COOH (19)
Chart
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Table
Retention times t;, capacity factors k; log P of benzoic acids 1-19, K,
and DG values of their complexes with CA
Acid Retention time, t,, min Capacity factor, k’ log P Ky M? AG, kJ/mol
1 4.50 3.50 1.87 650x72 -16.02
2 3.72 2.72 1.05 832+110 -16.63
3 3.74 2.74 1.51 798+89 -16.53
4 3.83 2.83 1.55 560+73 -15.65
5 5.50 4.50 2.25 401142 -14.83
6 4.67 3.67 1.94 448142 -15.10
7 3.83 2.83 1.55 439453 -15.05
8 4.50 3.50 1.87 417+£52 -14.92
9 3.90 2.90 1.59 510+61 -15.42
10 3.75 2.75 1.51 783199 -16.48
1 3.65 2.65 1.46 623193 -15.92
12 3.50 2.50 1.37 910+127 -16.85
13 3.91 2.91 1.60 608+63 -15.86
14 423 3.23 1.75 403138 -14.84
15 3.33 2.33 1.26 335+35 -14.38
16 3.12 2.12 1.12 353142 -14.51
17 4.27 3.27 1.77 749+75 -16.37
18 4.00 3.00 1.64 534+58 -15.53
19 3.80 2.80 1.54 450138 -15.11

ing the CA additive was equilibrated for 3 h before
the analysis. Under these conditions the column was
saturated with the CA additive. The dead time t, was
measured with NaNO,.

Lipophilicity log P of acids 1-19 (Table) was cal-
culated from equation log P = 3.438 (log k). The co-
efficient 3.438 is the ratio of log P value of benzoic
acid 1 (1.87) [21] to its log k* (0.544) determined by
RP HPLC in this work (Table). Free Gibbs energy DG
is determined by the equation DG = -RT In K,.

Molecular modelling of the CA complexes with acids
1-19 were carried out using Hyper Chem, 8.0 pro-
gram [http://www.hyper.com/Download/AllDownloads/
tabid/470/Default.aspx]. The structures were opti-

2

mized by the semi-empirical PM3 method. The RMS
gradient was equal to 0.01 kcal/A mol.

Results and Discussion

Calixarene CA and benzoic acids 1-19 in the giv-
en analysis conditions were registered on the chro-
matograms as sharp peaks. Calixarene CA retention
time ¢, and capacity factor k' were 5.67 min and 0.89,
respectively. A linear isotherm character (Fig. 1) re-
flects reversible adsorption of calixarene CA on the
LiChrosorb-RP18 support.

The chromatographic characteristics of acids 1-19 -
retention times t,, retention volumes V,, capacity
factors k’, their log P, as well as binding constants K,

N
(o]

\

Calixarene adsorption, mkmol/g
o -
[ee] N
\

o

0 20 40

60 80 100

Calixarene concentration, mkmol/ml

Fig. 1. The adsorption isotherm of calixarene (R?=0.99).
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Fig. 2. Plots K, vs log P for o-chlorobenzoic, o-nitrobenzoic, o-hydroxybenzoic, o-aminobenzoic, o-toluic acids (R?=0.84).
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Fig. 3. Plots K, vs log P for m-nitrobenzoic, m-chlorobenzoic, m-aminobenzoic, m-toluic acids (R?=0.80).

and free Gibbs energies DG of their complexes with
CA are presented in Table.

Binding constants of the supramolecular Host-Guest
complexes of calixarene with benzoic acids 1-19 were
determined by RP HPLC method in accordance with
[20]. The method consists of the choice of analysis
conditions of the Host and Guest, determination of
the retention time ¢, and the capacity factor k’ of the
Host, determination of the retention time ¢, and the
capacity factor k’ of the Guest before and after Host
addition to the mobile phase. Addition of calixarene
to the mobile phase decreases the capacity factor k’

1100

values of benzoic acids. The linear character plots of
k’vs the calixarene concentration (R? = 0.95-0.99)
testifies formation of Host-Guest supramolecular com-
plexes with 1:1 stoichiometry [20].

The binding constant K, of the calixarene com-
plex with the Guest molecule (the ratio of 1:1) can
be calculated by equation (1):

1/k'=1/k,/+ K, [CAl/k, (1)

where k,’i k' - are capacity factors of the Guest mole-
cule determined in the absence and the presence of
CA in the mobile phase.

900
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T

300 T T

T T T

45 5 5.5
pKa

Fig. 4. Plots K, vs pKa for m-nitrobenzoic, m-chlorobenzoic, m-aminobenzoic, m-phthalic acids (R?=0.96).
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Fig. 5. Plots K, vs pKa for p-nitrobenzoic, p-chlorobenzoic, p-toluic, p-hydroxybenzoic acids (R?=0.94).

As shown in Table 1, the binding constants K, of
the complexes are in the range of 335-910 M. The
lowest K, values were observed for hydroxybenzoic
acids (335-403 M™) and toluic acids (401-448 M™).
The highest K, values were observed for phthalic
(534-749 M) and nitrobenzoic (608-910 M) acids.
It should be noted that the binding constants of CA
with benzoic acid 1 is higher compared to its complex
with S-cyclodextrin modified by three MeO-groups
[22] (K, =650 M and 550 M, respectively).

Calixarene Host-Guest complexes are stabilized
by various non-valence interactions - hydrogen bonds,
Van der Waals, m-m, C-H...mr, solvatophobic interactions
[8]. It has been found that there are the linear depen-
dence of the binding constants K, from the lipophilicity
log P of o-chlorobenzoic, o-nitrobenzoic, o-hydroxy-
benzoic, o-aminobenzoic, o-toluic acids (Fig. 2), as
well as m-nitrobenzoic, m-chlorobenzoic, m-amino-
benzoic, m-toluic acids (Fig. 3). It is interesting to note
that increase of log P of the acids decreases K, va-
lues of the complexes.

The binding constants K, are strongly depended
on pKa values of benzoic acids. These dependences
for the Host-Guest complexes of meta and para sub-
stituted benzoic acids are demonstrated by Fig. 4 and
Fig. 5, respectively. Unfortunately, for p-substituted
acids such correlation has not been observed.

As it is shown in Fig.4, 5, the increase of pKa val-
ues of the acids decreases K, of their complexes with
CA. Unfortunately, for o-substituted acids such cor-
relation was not observed.

»

AN
(]

,ﬁ/"
Y d

Fig. 6. Energy minimized structures of CA complexes with
benzoic acid.

To clarify the nature of the supramolecular Host-Guest
interactions the molecular modeling of CA complex with
benzoic acid and o-, m-, p-phthalic acids was carried out.
The inclusion complex of benzoic acid 1 shows two ap-
proximately energy equal structures A (AE=-29.38 kcal/
mol) and B (AE=-31.15 kcal/mol) with one hydrogen
bond between the Host and Guest molecules (Fig. 6).

In the structure A the hydrogen bond of the OH
group of benzoic acid 1 with basic nitrogen of the
imino group of CA is observed. In the structure B the
OH group of the acid forms a hydrogen bond with
the oxygen atom at the lower rim of the macrocycle.

Energy minimized structures of CA complexes with
o-phthalic (C), m phthalic - (D) and p-phthalic (E)
acids are presented in Fig. 7.

Calixarene complexes with o-phthalic C and m-phtha-
lic D acids are stabilized by two hydrogen bonds. Thus,
one carboxyl group forms a hydrogen bond with the
imino nitrogen atom, and another with the oxygen
atom of the hydroxyl groups at the lower rim of the
macrocycle. Complex E with p-phthalic acid having
the most distant carboxyl groups is stabilized by two
hydrogen bonds with the distal imino nitrogen atoms.

Fig. 7. Energy minimized structures of CA complexes with
o-phthalic C, m-phthalic D and p-phthalic acid E.
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It should be noted that the Host-Guest complexa-
tion does not change the flattened-cone conformation
of calixarene confirming complementarity of benzoic
acids to the molecular architecture of the calixarene
macrocycle.

Conclusions

5,17-bis-(N-tolyliminomethyl)-25,27-dipropoxy-
calix[4]arene containing two imino groups on the up-

per rim of the macrocycle forms the Host-Guest in-
clusion complexes with benzoic acids, which are cha-
racterized by binding constants 335-910 M in ace-
tonitrile-water solution. The data obtained provide
the basis for creating a highly sensitive sensor for re-
cognition and binding of biologically active benzoic
acids in the biological media. Calixarene is a prom-
ising compound in design of the sensor devices or
drug delivery systems for biorelevant acids.
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