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ABSTRACT: Reversed-phase high-performance liquid chromatography [LiChrosorb RP-18,UV detection at 254 nm
and acetonitrile-water (86:14,v/v) as mobile phase] was applied to studies of the host–guest complexation of
tetraalkylcalix[4]resorcinareneoctols and their upper rim phosphoryl, sulfonyl and dialkylaminomethyl derivatives
with some aromatic guests in the mobile phase. It was shown that the formation of the inclusion complexes results in
changes in the retention of aromatic guests and improves their separation. Stability constants of the complexes were
calculated from the dependences of the l/k' values of the aromatic guest on the concentration of the
calix[4]resorcinarene in the mobile phase. The molecular structure of 4,6,16,18-tetrahydroxy-10,12,22,24-
tetrakis(dipropoxyphosphoryloxy)-2,8,14,20-tetramethylcalix[4]resorcinarene (12) was determined. Crystal data
for 12 are P21/n, a= 16.708(9) Å, b = 18.683(6) Å, c = 20.243(5) Å, b = 95.75(3)°, V = 6287(4) Å3 and Z = 4.
Compound 12 exists in a boat conformation, in which two opposite unsubstituted resorcinol rings of the macrocyclic
skeleton lie in the plane formed by four methine bridges and two diphosphorylated rings are perpendicular to the
plane. 1998 John Wiley & Sons, Ltd.

KEYWORDS: calix[4]resorcinarenes; organophosphorus compounds; solvatophobic interactions; host–guest
complexation; high-performance liquid chromatography; x-ray analysis

INTRODUCTION

Cavity-shaped calix[4]resorcinareneoctols (Scheme 1)
(The terms metacyclophanes and resolcarenes are also
used for these compounds), made-up of four resorcinol
units linked via alkylidene groups, are promising
compounds for the design of host molecules able to bind
organic and inorganic species1 (Scheme 1). In order to
increase the binding properties, numerous calix[4]resor-
cinareneoctols derivatives functionalized on oxygen
atoms and also on carbon atoms of benzene rings were
synthesized2 and their complexing properties were
examined in solutions,3–7 the crystalline state,8–10 the
gaseous phase11 and Langmuir–Blodgett films.12,13

Effective complexants able to bind selectively aromatic
molecules,10 alkylammonium compounds,4 metal ca-
tions14 and anions15,16 and to separate enantiomers16

were selected as result of these investigations. The
compounds were used for the design of sensor devices
which are able to detect aromatic molecules in air13 and
to recognize sugars in aqueous solutions.12

In this work we investigated host–guest interactions of
tetraalkycalix[4]resorcinareneoctols (1–5) and some of
their upper rim nitrogen, phosphorus and sulfur deriva-
tives (6–12) with benzene derivatives under conditions of
reversed-phase high-performance liquid chromatography
(RP-HPLC). The stability constants of the host–guest
inclusion complexes were determined. The molecular
structure of tetrakis(dipropoxyphosphoryloxy)tetra-
methylcalix[4]resorcinarene was determined by x-ray
diffraction analysis.

EXPERIMENTAL

Reagents. Acetonitrile, benzene, toluene,p-cresol, p-
xylene and ethylbenzene were of analytical grade and
were used without further purification. Calix[4]resorci-
nareneoctols1–517 and6,18 7,8and11,19 tetrakis(amino-
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methyl)calix[4]resorcinarene9,10 the octatosylate1020

and the tetraphosphate1221 were synthesized by
publishedmethods.Tetramethyl-and tetrapenthylcalix-
[4]resorcinareneoctols 1 and 3 are now comercially
availablefrom AcrosOrganics.

Crystal structure determination for 12. The crystal
structure of tetrakis(dipropoxyphosphoryloxy)tetra-
methylcalix[4]resorcinarene(12) was determinedby x-
ray diffraction analysis.A single colorless crystal of
dimensions0.25� 0.28� 0.35mm wassealedin a glass
capillary with a small amount of mother liquor.
Preliminarysearchand datacollection were performed
on a four-circleEnraf-NoniusCAD4 diffractometerwith
graphite-monochromatedCu Ka radiationat 200K using

the!ÿ2� scantechnique.The unit cell parameterswere
derivedby a least-squaresprocedurefrom 25 accurately
centeredreflections(11.41°< � < 22.25°). Three stan-
dard reflectionswere checkedevery 100 measurements
and during datacollection their intensitiesdeclinedby
14%. Data were correctedfor Lorentz and polarization
effects,but not for absorption.

The structure was solved by direct methods22 and
refinedby full-matrix least-squarescalculationson jF2j.23

All non-hydrogenatoms were refined anisotropically.
Carbon atoms in the propyl chains exhibiting high
thermalparameterswererefinedasdisordered.Someof
the C—C bond lengths in the propyl chains were
constrainedto 1.54Å. Hydrogenatomswere placedin
idealized positions and their temperaturefactors were
fixed at 1.2 (for CH, CH2 and OH) and 1.5 (for CH3)
times the temperaturefactor of their parent C (or O)
atom.Thosehydrogenatomsattachedto the calixarene
backboneand methylenebridges were refined, while
those in the propyl chains were subjectedto a riding
modelrefinement(C—H bondsfixed at 0.97and0.96Å
for CH2 and CH3, respectively).The final R index was
equalto 0.077.Full experimentaldetailsandcrystaldata
aregiven in Table1.

HPLC analysis. Theconditionsfor theRP-HPLCanalysis
of calix[4]resorcinareneswere as follows: a Type 333
HPLC unit (Institute of Physical Chemistry, Polish
Academyof Sciences,Warsaw,Poland)equippedwith
a 10ÿ4 ml cell wasused,the column (250� 1 mm i.d.)
waspackedwith LiChrosorbRP-18(Merck, Darmstadt,
Germany),the mobile phasewas a solution containing
acetonitrile–water(86:14,v/v), theflow ratewas0.04ml
minÿ1 andUV detectionwasperformedat 254nm.

All measurementswere performedat 21°C. Mobile
phasescontainingcalix[4]resorcinareneoctols and their
derivativeswere obtainedby dissolving the calixarene
compoundsin acetonitrile–watersolution at concentra-
tionsof 1� 10ÿ3, 2� 10ÿ3 and3� 10ÿ3 M. Eachof the
threeconcentrationswasanalysedtwice. Mobile phases
with calix[4]resorcinarenesas additives were equili-

Scheme 1

1 Alk = CH3 A = B = C = D = H

2 Alk = C3H7 A = B = C = D = H

3 Alk = C5H7 A = B = C = D = H

4 Alk = C7H15 A = B = C = D = H

5 Alk = C15H31 A = B = C = D = H

6 Alk = CH3 A = Ts, B = C = D = H

7 Alk = CH3 A = p-ClC6H4SO2, B = C = D = H

8 Alk = CH3 A = Ts, B = C = H, D = CH2N(C2H5)2
9 Alk = CH3 A = B = H, C = D = CH2N(C6H13)2

10 Alk = C3H7 A = B = Ts, C = D = H

11 Alk = CH3 A = P(O)(OC3H7)2, B = C = H, D = CH2N(C2H5)2
12 Alk = CH3 A = P(O)(OC3H7)2, B = C = D = H
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brated for 7 h before analysis.The concentrationsof
benzene,ethylbenzene,p-xylene,p-cresolandtoluenein
the injected acetonitrile–water solutions were
1� 10ÿ4 M. Each of the sampleswas analysedfive
times.Thestandarddeviationof KA wasdeterminedfrom
multiple analyses. The column dead volume was
determinedby injection of NaNO2 solution.

RESULTS AND DISCUSSION

Macrocyclic compounds (cyclodextrins, calixarenes,
crownethers)arewidely usedin liquid chromatography
asmodifiersof stationaryphasesor asadditivesin mobile
phasesfor improvingthechromatographiccharacteristics
of substancesbeing separated,including enantiomeric
mixtures.24,25Theirbehavioris basedontheformationof
host–guestinclusion complexes with analysed com-
pounds(organicmoleculesor metalcations),that results
in changesin theretentiontimesof thesecompounds.In
the seriesof macrocyclichost moleculesa-, b- and g-
cyclodextrinsare the most widely investigated.In their
cavitiesformedby six, sevenor eighta-1,4-D-glucopyr-
anoseunits, with various architectureand sizes,guest
moleculesmaybe includedandfirmly retainedowing to

thedifferentphysicalinteractions(vanderWaalsforces,
hydrogen bonds, hydrophobic interactions, etc.).
calix[4]resorcinarenes are also able to participate in
similar host–guest interactions.26,27 Their molecular
cavitiesmay be formedby up-orientedbenzenerings of
a conformationallyflexible macrocyclic skeleton.The
architecture and volume of the macrocyclic cavity
formed are determinedby the natureof substituentsat
theupperrim of themacrocycle.Despitethis cavity, the
guestmoleculemayalsobeincludedin thecavity formed
by four cis-orientedalkyl substituentsat thelower rim of
themacrocycle.9

For this investigationwe chosethecalix[4]resorcinar-
eneoctols1–5 with all-cis-orientedalkyl substituentsof
different lengthsat the lower rim of the macrocycleand
their derivatives6–12functionalizedat theupperrim of
the macrocyclewith phosphoryl,arylsulfonyl and N,N-
dialkylaminomethylgroups(Scheme2).

In accordancewith literature data28–30, all-cis-tetra-
alkylcalix[4]resorcinareneoctols1–5 in solutionsand in
the solid stateexist in a crown conformationwith all
resorcinolringsup-oriented(C4v symmetry)stabilizedin
this position by intramolecularhydrogenbondsat the
upperrim of themacrocycle.Thecrownconformationis
probably realizedalso in tetrakis(diethylaminomethyl)-
calix[4]resorcinareneoctol (9)19.

Full substitutionof thehydroxyl protonsof calix[4]re-
sorcinareneoctol(2) by sulfonyl groups(compound10)
transformsthe initial crown conformationinto a boat
conformationin which two oppositebenzenerings are
coplanarwith the main macrocyclic plane formed by
carbonatomsof the methinebridgesandtwo othersare
perpendicularto the plane (C2v symmetry). The boat

Table 1. Crystal data and structure re®nement for compound 12

Empirical formula C56H84O20P4
Formulaweight 1201.11
Temperature 200(2)K
Wavelength 1.54178Å
Crystalsystem Monoclinic
Spacegroup P21/n
Unit cell dimensions a = 16.708(9)Å; b = 18.683(6)Å; c = 20.243(5)Å; b = 95.75(3)°;
Volume 6287(4)Å3

Z 4
Density(calculated) 1.269g cmÿ3

Absorptioncoefficient 1.698mmÿ1

F(000) 2560
Crystalsize 0.25� 0.28� 0.35mm
Rangeof � for datacollection 3.23–77.83°
Index ranges ÿ20� h� 21, 0� k� 23,ÿ25� l � 0
Reflectionscollected 13514
Independentreflections 13143[R(int) = 0.0508]
Refinementmethod Full-matrix least-squareson F2

Data/restraints/parameters 11546/81/833
Goodness-of-fiton F2 1.034
Final R indices[I > 2 � (I)] R1 = 0.0774,wR2 = 0.2098
R indices(all data) R1 = 0.1276,wR2 = 0.3028
Extinction coefficient 0.00079(10)
Largestdiff. peakandhole 0.992andÿ0.590e/ Åÿ3

Figure 1. Boat±boat pseudo-rotation process
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conformation is stereochemically flexible. A rapid
pseudo-rotationprocess(Figure 1) consisting in site
exchange of benzene rings with the coplanar and
perpendicularorientation is observedin solutions at
room temperature.The crown conformation is inter-
mediatein this transition.10

In accordancewith NMR data,18,20theboatconforma-
tion is possiblealso for the O,O,O,O-tetrasulfonylated
and tetraphosphorylated derivatives6–9, 11 and 12. In
this work an x-ray investigationof 12 wasperformedto
obtain a more detailed representationof the spatial
structureof the tetrasubstitutedcalixarenes.

Crystal structure of 12

X-ray diffraction studiesshowedthat12 (Figure2) in the
crystalexistsin a boatconformation,havingoneof the

propyl chainsself-includedin the cavity (Figure 3). In
this conformation, two opposite non-substitutedaryl
rings are almost coplanarhaving a dihedral angle of
15.7(1)°, while the phosphorylatedrings are almost
cofacial [dihedralangle= 3.2(2)°]. The first two resorci-
nol rings aretwistedwith respectto the referenceplane
(definedby the C atomsin the methylenebridges)by
anglesof 1.77(6)° and14.79(8)°. Those‘perpendicular’
to theplaneintersectit atanglesof 88.1(1)° and88.9(1)°.
The closestdistancebetweenthem is 5.043(5)Å. For
neighboringaryl rings the dihedralanglesarecloseto a
right-angle,havingvaluesof 89.7(1)°, 88.3(1)°, 88.5(1)°
and 87.4(1)°. Methyl substituentsat the methylene
bridgesall adoptsterically lessstrainedaxial positions,
thus leadingto an all-cis configuration.All this defines
the symmetryof the macrocyclebackboneas close to
C2v; however,the moleculeas a whole is asymmetric
owing to the asymmetricorientationof the phosphory-

Figure 2. Numbering scheme for compound 12

Figure 3. Molecular structure of tetrakis(dipropoxyphosphoryloxy)calix[4]resorcinarene (12): (a) bottom view; (b) side view
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loxy substituents.Thephosphorusatomshaveadistorted
tetrahedralgeometry.As reportedby Loeberet al.,31 all
the P=O doublebondsareorientedoutwardsthe cavity
and, as expected,are shorter than the esterifiedP—O
bonds,beingin therange1.420(4)–1.460(3)Å (Table2).
(Full experimentaldetails,atomic coordinates,all bond
lengthsandangles,andthermalparametersaredeposited
assupplementarymaterial.)TheP—Osinglebondsrange
from 1.529(3)to 1.572(3)Å, which canbeconsideredas
within the usualrangesfor phosphorusto oxygenbond
lengths in a PO4 fragment. All O=P—O angles are
tetrahedralor larger [108.9(2)-118.3(3)°], while all O—
P—O angles are tetrahedral or smaller [100.3(2)–
109.0(2)°]. This is in agreementwith literaturedatafor
similar phosphorylatedcalixarenes.32,33

Owing to the exo P=O bondorientation,no intramo-
lecularhydrogenbondsarepresentin thestructure.This
specialorientation,however,promotesthe formationof
intermolecularhydrogenbondsleadingto an interesting
layeredarrangement,in whicheachmoleculeis involved
in eightO—H…OH-bondings(two with eachof its four
neighbors)(Figure 4). All of them are of P=O…H—O

Table 2. Selected bond lengths (AÊ ) and angles (°) for compound 12

P(1)—O(1) 1.554(3) O(3)—P(1)—O(1) 102.2(2)
P(1)—O(2) 1.569(4) O(3)—P(1)—O(2) 104.8(2)
P(1)—O(3) 1.535(3) O(1)—P(1)—O(2) 108.5(2)
P(1)—O(4) 1.438(3) O(4)—P(1)—O(2) 108.9(2)
P(2)—O(5) 1.569(3) O(4)—P(1)—O(3) 117.1(2)
P(2)—O(6) 1.529(3) O(4)—P(1)—O(1) 114.6(2)
P(2)—O(7) 1.570(4) O(5)—P(2)—O(7) 100.3(2)
P(2)—O(8) 1.460(3) O(6)—P(2)—O(5) 103.9(2)
P(3)—O(9) 1.562(3) O(6)—P(2)—O(7) 109.0(2)
P(3)—O(10) 1.558(4) O(8)—P(2)—O(6) 111.9(2)
P(3)—O(11) 1.554(3) O(8)—P(2)—O(5) 115.1(2)
P(3)—O(12) 1.441(4) O(8)—P(2)—O(7) 115.5(2)
P(4)—O(13) 1.572(3) O(11)—P(3)—O(9) 102.3(2)
P(4)—O(14) 1.545(4) O(10)—P(3)—O(9) 103.4(2)
P(4)—O(15) 1.544(4) O(11)—P(3)—O(10) 107.6(2)
P(4)—O(16) 1.420(4) O(12)—P(3)—O(11) 112.1(2)

O(12)—P(3)—O(10) 114.6(3)
O(12)—P(3)—O(9) 115.8(2)
O(15)—P(4)—O(14) 100.5(3)
O(15)—P(4)—O(13) 102.2(2)
O(14)—P(4)—O(13) 102.0(2)
O(16)—P(4)—O(13) 114.7(2)
O(16)—P(4)—O(14) 116.5(3)
O(16)—P(4)—O(15) 118.3(3)

TABLE 3. Geometry of the OÐH¼O=P hydrogen bonds for compound 12 (bond lengths in AÊ , angles in degrees)

O…O O—H H…O O—H…O

O(17)—H(17O)…O12a 2.609(4) 0.97(6) 1.65(6) 169(5)
O(18)—H(18O)…O16a 2.735(5) 0.78(6) 1.98(6) 163(6)
O(19)—H(19O)…O4b 2.719(4) 0.70(6) 2.03(6) 172(6)
O(20)—H(20O)…O8b 2.664(4) 0.75(6) 1.93(6) 167(7)

Symmetrytransformationsusedto generateequivalentatoms:
aÿ0.5ÿX, 0.5� Y, 0.5ÿZ;
b 0.5ÿX,ÿ0.5� Y, 0.5ÿZ.

Figure 4. Packing arrangement of molecules within the unit
cell and intermolecular hydrogen bonding pattern for
compound 12
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type,andin themoleculefour areacceptedby oxygensof
P=Omoietiesandthe otherfour aredonatedby the OH
groupsof thearyl rings.TheO…O distancesrangefrom
2.609(4) to 2.735(5)Å, while the anglesare 163(6)–
172(6)° (Table3).

It may be assumedthat the highly asymmetric
conformationof the phosphoryloxysubstituentsat the
calixarenering is dueto the non-bondedintermolecular
interactionsin thesolidstate.Fromthepointof view of a
single molecule, one may speculatethat the different
conformationsof all four phosphoryloxygroupsindicate

very significantconformationalflexibility of theseparts
of themolecule.Sucha conclusioncomesalsofrom the
observedorientational disorderingof two of the four
lateral groups.In the absenceof any guestspecies,the
internal cavity in the calixarenemolecule is filled, at
least, partially by one of the lateral groups of the
macrocycle.

In view of the above considerations,it might be
suggestedthat complexationof guestspeciesby phos-
phorylatedcalixarenehostmoleculesis associatedwith
conformationalflexibility of thelateralsubstituents.This,

Figure 5. Plots of l/k' for benzene (I), p-xylene (II), ethylbenzene (III), toluene (IV) and p-cresol (V) against concentration of
calix[4]resorcinarenes 4, 5, 7, and 9±12. Mobile phase: solution of calix[4]resorcinarene (1� 10ÿ3±3� 10ÿ3

M) in acetonitrile±
water mixture
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TABLE 4. Retention times tR, capacity factors k' and width/height (S/h) ratios of calix[4]resorcinolarenes

Compoundnumber Formula tR k' S/h

1 3.67 0.84 0.04

2 6.17 2.09 0.05

3 8.33 3.17 0.02

4 11.17 4.59 0.03

5 > 80.0

6 72.33 35.17 12.50

7 47.67 22.84 6.67

8 > 80.0

9 72.33 35.17 12.50

10 47.67 22.84 6.67

11 > 80.0

12 > 80.0
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in turn,mayadaptthemolecularstructureof thehostto a
given guest.In such a way, complexationis selective
ratherthanspecificandmaybeusedasasuitablebasisfor
chromatographicseparationsof a rangeof differentguest
species.

HPLC investigation

Determination of retention times and capacity
factors. The retention times, tR, and capacity factors,
k', for the unsubstitutedtetraalkylcalix[4]resorcinare-
neoctols1–5weredeterminedandarepresentedin Table
4. Dependencesof the retention times and capacity
factorsonthenumberof carbonatomsin thealkyl chains
are observedfor all of thesecompounds.As shownin
Table4, thefirst memberof theseries,tetramethylcalix-
[4]resorcinareneoctol (1), is weakly retained at the
sorbentsurface(tR = 3.67min and k' = 0.84). However,
an increasein the alkyl chain length at the lower rim
considerablyincreasesthe adsorptionand5, possessing
pentadecylgroups,is verystronglybondedby thesorbent
surface.Replacementof thehydrogenatomsof hydroxyl
groupsby tosyl and p-chlorobenzosulfonylsubstituents
results in 2–7-fold increases in tR and k'. These
parametersdependon the nature and number of the
substituents(Table 4). However, the most remarkable
changesare observedafter functionalizationof the the
upperrim by dipropoxyphosphoryl andN,N-dialkylami-
nomethylsubstituents.For example,the introductionof
four N,N-dihexylaminomethyl groupsin 1 causesan18-
fold increasein the retention time (tR = 72min in 9).
Tetrakis(dipropoxyphosphoryloxy)calix[4]resorcinarene
(12) and the diethylaminomethyl derivative 8 are also
stronglyboundby thesorbentsurface.

The tR and k' valuesobtainedsuggestthat tetraalk-
ylcalix[4]resorcinareneoctols1–5 are bondedwith the
sorbentsurfacewith thehelpof lipophilic alkyl groupson
the lower rim of the macrocycle.The upperhydrophilic
rim, havingeighthydroxylgroups,doesnotparticipatein
adsorption.Therefore,the macrocycliccavity is opened
for inclusionof a guestmoleculefrom themobilephase.
Modification of the upperrim of the macrocycleof the

weaklyadsorbingtetramethyl-andtetrapropylcalix[4]re-
sorcinarenes1 and 2 by lipophilic arylsulfonyl, N,N-
dialkylaminomethyland dipropoxyphosphoryl substitu-
entschangesthe natureof the adsorptionand 6–12 are
probablybondedwith the sorbentsurfaceby the upper
rim of the macrocycle,which becomesmore lipophilic
thanthe lower rim.

Determination of stability constants. Detailedinves-
tigations have shown that the addition of cyclodex-
trins24,25andphenol-derivedcalixarenes34 to the mobile
phaseleadsto changesin thechromatographiccharacter-
isticsof solutemoleculesowingto theformationof host–
guest complexes.Host–guestcomplexation has been
usedin chromatographicanalysisfor theseparationof o-,
m- andp-isomersof substitutedbenzenes34 andalsofor
the separation of optical antipodes of some chiral
molecules.24,25 As with cyclodextrins24,25 and calixar-
enes,34 the introduction of calixresorcinarenesin the
mobilephasedecreasestheretentionandcapacityfactors
of solutes(benzene,toluene,ethylbenzene,p-xyleneand
p-cresol) (Table 5), indicating host–guest inclusion
complexformationin theacetonitrile–watersolution.

To determine the composition of the complexes
formed,thedependencesof the l/k' valuesof thesolutes
on the calixresorcinareneconcentrationin the mobile
phase were studied. As shown in Figure 5, for all
compoundsinvestigateda linear dependenceof l/k' on
calixarene concentration in the range 1� 10ÿ3–
3� 10ÿ3 M is observed,indicating the formation of the
host–guestcomplexeswith a 1:1 composition.35

From the dependencesobtainedof l/k' on concentra-
tion of thecalixareneadditives,thestability constantsof
thesecomplexeswerecalculated.The equation

1=k0 � 1=k00� �host�=KD � k00 �1�
wherek'0 is the capacityfactor in the absenceof a host,
[host] is theconcentrationof calixarenein mobilephase
and, KD is the dissociationconstantof the complex,
proposedby Fujimuraetal.36 for thedeterminationof the
stability constantsof b cyclodextrin complexeswith
benzeneandnaphthalenederivativesin methanol–water
solutions,wasusedfor thecalculation.

TABLE 5. Capacity factors k ' measured for aromatic solutes with using calix[4]resorcinarenes additives in eluent (MeCN-H2O,
86:14; additives concentration 1�10-3

M)

Calix[4]resorcinarenesadditivenumber

Solute
Control

(no additive) 4 5 7 9 10 11 12

p-Cresol 0.39 0.22 0.28 0.20 0.22 0.17 0.21 0.30
Ethylbenzene 0.96 0.74 0.78 0.74 0.78 0.68 0.61 0.82
Benzene 0.70 0.52 0.57 0.57 0.61 0.55 0.54 0.61
Toluene 1.22 0.91 1.02 1.00 1.09 1.09 1.08 1.12
p-Xylene 1.13 1.00 1.07 1.02 1.09 1.07 1.04 1.08
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In the chromatographiccolumn containing a solute
(guest)and calixarene(host), equilibria may be estab-
lishedbetweenthe mobile phase(m) andthe stationary
phase(s):

�guest�s�
KS�guest�m� �host�m�

KD

�host-guest�m�
KC�host-guest�s

TheequilibriumconstantsKs, KD andKC aregivenas
follows: distributionconstantof guest:

KS � ��guest�s�
��guest�m�

�2�

dissociationconstantof thehost–guestcomplex

KD � ��host�m��guest�m�
��host-guest�m�

�3�

anddistributionconstantof host–guestcomplex:

KC � ��host-guest�s�
��host-guest�m�

�4�

In theschemepresented,thedistributionof calixarene
betweenthe phasesmay be negligible. As shown by
Table 4, calixarenesare strongly boundby the sorbent
surface. Therefore, the retention of the solutes was
determinedafter7 h of elutionof thecalixarenesolutions
throughthe column.Undertheseconditionsthe column
wassaturatedwith calixareneandthehostconcentration
in the mobile phase during the experiments was
1� 10ÿ3, 2� 10ÿ3 and3� 10ÿ3 M, as indicatedin the
Experimentalsection.

Owing to of saturationof thecolumnwith calixarene,
thedistributionequilibriumof thehost–guestcomplexon
to the stationary phase [equation (4)] may also be
neglected(thesorptionof thiscomplexmustbesimilar to
the sorption of calixareneitself). The solute capacity
factor,k', canthereforebewritten as

K 0 � � ��guest�s�
��guest�m� � ��host-guest��m

�5�

where f denotes the phase ratio of the column.
Consideringthat the total concentrationof calixarene,

[host]T, in the mobile phaseis [host]T = [(host)m] �
[(host-guest)m], equation(5) maybeexpressedas

K 0 � � KSKD

KD � ��host�T ÿ ��host-guest�m��
�6�

Undertheconditionwhenthesolute’sconcentrationis
very low comparedwith the calixarene’sconcentration,
[host]Tÿ [(host–guest)m] = [host]. Furthermore,Ksf is
equal to the capacity factor, k'0, determined in the
absenceof calixarene,andthereforeequation(6) maybe
reducedto equation(1)

As shownin Table6, thecalculatedstability constants
of the complexes vary in the range 30–863Mÿ1

dependingon natureof the substituentson the benzene
ringsof themacrocyclicskeleton,thelengthsof thealkyl
chainson its lower rim and the natureof the aromatic
guest moleculesThe highest stability constantswere
obtainedfor p-cresol(200–863Mÿ1) andthelowestfor p-
xylene(30–91Mÿ1).

Thesevaluesmay be comparedwith someliterature
data.Stability constantsof 132–1148Mÿ1, closeto those
in Table 6, were determinedby Fujimura et al.36 for
complexes of several substituted phenols with b-
cyclodextrinin aqueoussolution.Shinkai37 investigated
complexationof a phenol-madecalix[4]arene bearing
sulfuric acid fragmentson the upperrim with trimethy-
lanilinium chloridein D2O solutionby anNMR titration
method.Calculatedfrom the plot of � obsd vs [host]/
[guest], the associationconstantof the complex was
found to be5600Mÿ1.

p-Sulfonatocalix[4]arene,possessinga stereochemi-
cally rigid cone-shapedmolecularcavity, seemsto be a
more effective complexant for aromatic guests than
calix[4]resocinarenederivatives existing in the boat
conformation(seeFigure3).

As shownin Table7 calix[4]resorcinarenes4,5,7and
9–12 as additives to the mobile phase improve the
separation factors Rs and resolution a of aromatic
compoundswith similar properties.The bestvaluesof
Rs (exceeding1.85-fold the values obtained in blank
experiments)wereobservedfor theseparationof toluene
andethylbenzenein the presenceof tetraheptylcalix[4]-
resorcinoreneoctol(4). Theresultsobtainedindicatethat
calix[4]resorcinarenes, similarly to cyclodextrins,could

TABLE 6. Calculated stability constants KA for complexes of aromatic solutes with calix[4]resorcinolarenes and their derivatives
(s.d. = standard deviation)

Calix[4]resorcinolareneadditivenumber

Solute 4 (s.d.) 5 (s.d.) 7 (s.d.) 9 (s.d.) 10 (s.d.) 11 (s.d.) 12 (s.d.)

p-Cresol 517(3.6) 263(0.9) 635(1.4) 517(4.5) 863 (1.8) 572 (4.0) 200 (3.6)
Benzene 229(2.7) 149(6.0) 149(6.1) 98 (4.8) 182 (4.1) 196 (12) 98 (7.8)
Ethylbenzene 199(3.0) 153(4.4) 199(3.0) 153(5.5) 275 (3.3) 49 (4.7) 32 (6.6)
Toluene 228(3.4) 130(4.0) 179(5.6) 81 (5.2) 81 (5.8) 89 (4.5) 57 (12.8)
p-Xylene 91 (5.3) 38 (12.6) 75 (19.4) 30 (7.2) 38 (6.2) 60 (4.2) 38 (8.7)
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be utilized in the liquid chromatographicanalysis of
aromaticcompounds.

CONCLUSION

Tetraalkylcalix[4]resorcinareneoctolsand their deriva-
tivesfunctionalizedat theupperrim of themacrocycleby
N,N-dialkylaminomethyl,arylsufonylanddipropoxypho-
sphorylgroupsform in acetonitrile–watersolutionshost–
guestinclusioncomplexeswith benzenederivatives.The
stability constantsof thesecomplexesare 30–863Mÿ1.
As with cyclodextrins,the formation of the complexes
with calix[4]resorcinareneschangesthe retentionof the
investigatedaromaticmoleculeson the sorbentLiChro-
sorbRP-18surfaceandleadsto an improvementof the
separationof compoundspossessingsimilar properties.
This phenomenoncould be usedin applied chromato-
graphy.
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2. V. Böhmer.Angew.Chem.,Int. Ed. Engl. 34, 713–745(1995).
3. H.-J. SchneiderandU. Schneider.J. Org. Chem.52, 1613–1617

(1987).
4. H.-J. Schneider,D. Guttesand U. Schneider.J. Am. Chem.Soc.

110,6449–644(1988).
5. Y. Tanaka,Y. KatoandY. Aoyama.J. Am.Chem.Soc.112,2807–

2808(1990).
6. K. Kobayashi,Y. Asakuwa,Y. KatoandY. Aoyama.J. Am.Chem.

Soc.114,10307–10313(1992).
7. J. K. JudiceandD. J. Cram.J. Am. Chem.Soc.113, 2790–2791

(1991).
8. D. J. Cram,L. M. TunstadandC. B. Knobler.J. Org. Chem.57,

528–535(1992).
9. D. J. Cram. Nature(London)356,29–36(1992).

10. V. I. Kalchenko,A. V. Solov’ov,M. R. Gladun,A. N. Shivanyuk,
I. I. Atamas,V. V. Pirozhenko,L. N. Markovsky,J.Lipkowski and
Yu. A. Simonov.Supramol.Chem.in press.

11. M. Vincenti, E. Dalcanale,P. SonciniandG. Gulgimetti. J. Am.
Chem.Soc.112,445–447(1990).

12. K. Kurihara,K. Ohto,Y. Tanaka, Y. AoyamaandT. Kunitake.J.
Am.Chem.Soc.113,444–450(1991).

13. A. V. Nabok,N. V. Lavrik, Z. I. Kazantseva,B. A. Nesterenko,I.
N. Markovsky,V. I. KalchenkoandA. N. Shivanyuk.Thin Solid
Films 259,244–247(1995).

14. P. D. Beer, E. L. Tite and A. Ibbotson.J. Chem.Soc.,Chem.
Commun.1874–1876(1989).

15. W. Hu, J.P.Rourke,J.J.Vittal andR. J.Puddephat.J. Chem.Soc.
Chem.Commun.145–147(1993).

16. W. Hu, J.P.Rourke,J.J.Vital andR. J.Puddephat.J. Am.Chem.
Soc.115,6456–6457(1993).

17. C. B. Sherman,J. C. Knobler andD. J. Cram.J. Am.Chem.Soc.
113,2194–2204(1991).

18. O. V. Lukin, V. V. PirozhenkoandA. M. Shivanyuk.Tetrahedron
Lett. 36, 7725–7728(1995).

19. Y. Matsushitaand T. Matsui. TetrahedronLett. 34, 7433–7436
(1993).

20. V. I. Kalchenko, D. M. Rudkevich, A. N. Shivanyuk, I. F.
Tsymbal,V. V. Pirozhenkoand L. N. Markovsky. Zh. Obshch.
Khim. 66, 731–742(1994).

21. A. G. S. Hogberg.J. Am.Chem.Soc.102,6046–6050(1980).
22. G. M. Sheldrick.Acta Crystallogr.,Sect.A 46, 467–473(1990).
23. G. M. Sheldrick. SHELXL-93.Program for the Refinementof

Crystal Structures.Universityof Göttingen,Gröttingen(1993).
24. D. Sybilska,J. Lipkowski and J. Wojcikowski. J. Chromatogr.

253,95–100(1982).
25. D. Sybilska,J. Zukowski andJ. Bojarski. J. Liq. Chromatogr.9,

591–606(1986).
26. H.-J.SchneiderandU. Schneider.J. InclusionPhenom.19,67–83

(1994).
27. U. Schneiderand H.-J. Schneider.Chem.Ber. 127, 2455–2469

(1994).
28. L. M. Tunstad,I. A. Tucker,E. Dalcanale,J.Weiser,J.A. Bryant,

J. C. Sherman,R. C. Helgeson,C. B. Knobler andD. G. Cram.J
Org Chem54 1305–1312(1989).

29. Y. Kikuchi, K. KobayashiandY. Aoyama.J. Am.Chem.Soc.114,
1351–1358(1992).

30. H. Konishi andO. Morikawa.J. Chem.Soc.,Chem.Commun.34–
35 (1993).

31. C. Loeber, C. Wieser, D. Matt, A. de Cian, J. Fischerand L.
Toupet.Bull Soc.Chim.Fr. 132,166–177(1995).

32. L. T. Byrne,J. M. Harrowfield,D. C. R. Hockless,B. J. Peachey,
B. W. Skeltonand A. H. White. Aust. J. Chem.46, 1673–1683
(1993).

33. D. V. Khasnis,J.M. Burton,J.D. McNeil, C. J.Santini,H. Zhang
andM. Lattman.Inorg. Chem.33, 2657–2662(1994).

34. J. H. Park, Y. K. Lee, N. Y. Cheong and M. D. Jang.
Chromatographia 37, 221–223(1993).

35. D. W. Armstrong,F.Nome,L. SpinoandT. Golden.J.Amr.Chem.
Soc.1084,1418–1421(1986).

36. K. Fujimura,T. Ueda,M. Kitagawa,H. TakayanagiandT. Ando.
Anal. Chem.58 2668–2674(1986).

37. S. Shinkai.Tetrahedron49, 8933–8968(1993).

TABLE 7. Separation factors Rs and resolution a for aromatic solutes

Calix[4]resorcinolareneoctoladditivenumber

Solute
Control

(no additive) 4 5 7 9 10 11 12

Benzene/methylbenzene Rs 1.14 1.53 1.43 1.67 1.50 1.80 1.38 1.69
a 1.33 1.35 1.37 1.41 1.44 1.36 1.33 1.39

Ethylbenzene/toluene Rs 1.00 1.85 1.25 1.71 1.29 1.69 1.36 1.60
a 1.28 1.45 1.29 1.32 1.31 1.29 1.30 1.33

p-Cresol/p-Xylene Rs 4.24 5.54 5.64 5.25 5.33 5.29 5.41 5.50
a 3.69 4.27 4.33 4.45 5.00 4.60 4.53 4.38

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 426–435(1998)

HOST–GUESTINTERACTIONSOF CALIX[4]RESORCINARENES 435


