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ABSTRACT: The host 1,1-bis(4-hydroxyphenyl)cyclohexane,H, forms 1:1 inclusion compounds with 2,3-xylenol,
H�23X, and with 3,5-xylenol,H�35X. Competition experiments were conducted to determine the host selectivity
toward three xylenol isomers, 2,3-, 3,5- and 2,6-xylenol. The structure of the solid formed betweenH and a mixture of
23X and35X was elucidated. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The process of molecular recognition lies at the heart of
host–guest chemistry. Thus the formation and stability of
a particular inclusion compound depend on the strengths
and directions of the various intermolecular forces
impinging on the multi-component system. This can be
exploited to carry out selective enclathration, whereby a
given host molecule is exposed to a mixture of possible
guests, and preferentially forms an inclusion compound
with only one guest, thus enacting a perfect separation. In
practice this is seldom achieved in a single cycle,
particularly when we seek to separate close isomers,
where the differences between guests may be subtle.
Nevertheless, we have used the host 1,1-bis(4-hydro-
xyphenyl)cyclohexane (H) to separate the isomers of the
phenylenediamines,1 the benzenediols2 and the pico-
lines.3 This host also forms inclusion compounds with
phenol and the cresols and their structures have been
elucidated.4 We now present the results of competition
experiments between this host and three isomers of
xylenol: 2,3-xylenol (23X), 3,5-xylenol (35X) and 2,6-
xylenol (26X), and discuss the formation of a solid
solution formed between the host,H, and a mixture of
23X and35X.

EXPERIMENTAL

Suitable crystals ofH�23X andH�35X were obtained by
slow cooling of the host–guest mixture in ethyl acetate
over a period of 12 h. Stoichiometric quantities of the

host compound (H) and the guest (23X and 35X) were
dissolved in a minimum amount of ethyl acetate.

Numerous attempts to obtain suitable crystals of the
host with 2,6-xylenol were unsuccessful and therefore the
structure of this complex cannot be reported.

Preliminary cell dimensions and space group symme-
try were determined photographically and the unit cell
data were subsequently refined by standard procedures on
a Nonius Kappa CCD diffractometer. Relevant crystal
and experimental data are given in Table 1. Both
structures were solved by direct methods using

Scheme 1
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SHELX-865 and refined employing full matrix least-
squaresusingSHELX-93,6 refining on F2. The number-
ing schemeis shownin Scheme1. Forbothstructuresall
non-hydrogenatomsweretreatedanisotropicallyexcept
for methyl carbons of H�23X. The aromatic and
methylene hydrogenswere geometrically constrained
andrefinedwith commonisotropic temperaturefactors.
The hydroxy hydrogens were located in difference
electron density maps and refined with independent
temperature factors and with simple bond length
constraints.

Wealsogrewsinglecrystalsof thehostwith amixture
of 23X and35X. Weconcentratedonobtainingrelatively
largesinglecrystals(typically 3� 4� 10mm)sothatwe
couldcut suchasinglecrystalinto portionsandcarryout
crystalstructureanalysis,differentialscanningcalorime-
try (DSC) and gas chromatography(GC) on the same
single crystal. This is an important point, because
inclusion compoundsin general,and thosewith mixed
guestsin particular,are notoriouslynon-stoichiometric.
Wehaveexperienceof growingbatchesof singlecrystals
from mixedguestswheretheratio of theincludedguests
variesnot only from batchto batchbut also within the
samebatchof crystals.

Competition experimentswere conducted between
pairs of xylenols as follows. A seriesof 11 vials were
made up with mixtures of the two guests (in ethyl
acetate),varyingthemolefractionof theguestsfrom 0 to
1 in theseries,but keepingthehost:guestratio at 1:20in

eachvial. Crystalswere obtainedby slow evaporation,
filtered from the mother liquor and dissolvedin ethyl
acetate.The relativecompositionof the includedguests
andmotherliquorswith which they werein equilibrium
were determinedby GC, using a Carlo Erba Fractovap
4200 instrumentequippedwith a Carbowaxcapillary
column (25 m� 0.25mm i.d.) and a Spectra-Physics
SP4290integrator.

Theexperimentwasextendedto analysesimultaneous
competition by three xylenol isomers:23X, 35X and
26X. Initial mixturesof the threeguestswere selected
andwererepresentedonatriangulardiagramasshownin
Fig. 1. The relativecompositionsof the includedguests
andmotherliquorswereanalysedasbefore.

DSCandthermogravimetry(TG) wereperformedona
Perkin-ElmerPC7instrument.Finepowderedspecimens,
obtainedby crushingcrystalsimmersedin motherliquor,
were dried in air on filter-paper and placed on open
platinumpansfor TG experimentsandin crimped,vented
aluminium samplepansfor DSC experiments.Sample
massesin eachcasewere3–7mg andthe sampleswere
purgedby a streamof nitrogenflowing at 30ml minÿ1.

RESULTS AND DISCUSSION

BothH�23X andH�35X crystallizein thespacegroupP1
and have similar cell dimensions.Their packing is
characterizedby double ribbons of host molecules

Table 1. Crystal data, experimental and re®nement parameters

Guestcompound 2, 3-Xylenol (23X) 3, 5-Xylenol (35X) 2, 3-Xylenol� 3, 5-xylenol
Inclusioncompound H�23X H�35X MIX
Molecularformula C18H20O2�C8H10O C18H20O2�C8H10O C18H20O2�23X�35X
Mr (g molÿ1) 390.50 390.50 390.50
T (K) 293(2) 293(2) 293(2)
� (Å) 0.71069 0.71069 0.71069
Crystalsystem Triclinic Triclinic Triclinic
Spacegroup P1 P1 P1
a (Å) 6.266(1) 6.279(1) 6.291(1)
b (Å) 10.815(2) 10.758(1) 10.783(1)
c (Å) 16.263(4) 16.651(1) 16.679(1)
a (°) 95.59(1) 98.46(1) 98.33(1)
b (°) 94.00(1) 99.21(1) 99.07(1)
g (°) 100.58(1) 97.99(1) 98.10(1)
V (Å3) 1073.9(4) 1082.9(2) 1089.9(2)
Z 2 2 2
Dc (Mg/mÿ3) 1.208 1.198 1.165
m(Mo Ka) (cmÿ1) 0.77 0.77 0.75
F(000) 420 420 420
Crystalsize(mm) 0.45� 0.40� 0.30 0.40� 0.40� 0.25 0.45� 0.45� 0.30
Rangescanned,� (°) 1.26–26.37 1.26–26.46 1.25–24.98
Rangeof indices h 0–7,k� 11, l � 20 h 0–7,k� 13, l � 20 h� 7, k� 12, l0–19
No of reflectionscollected 3867 4405 3975
No of reflectionsobserved 2425 3203 1406
No of parameters 264 281 271
S 1.101 1.104 1.115
R1 0.0585 0.0485 0.0798
wR2 0.1650 0.1466 0.1999
Dr excursions(e Åÿ3) 0.413;ÿ0.413 0.188;ÿ0.182 0.606;ÿ0.262
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running parallel to [010] which are interleaved by
channelscontainingthe guestmolecules.This is shown
in Fig. 2, wherethe structureis projectedalong [100].
The structuresare characterizedby extensivehost–host
and host–guesthydrogenbonding,which is detailedin
Table 2. In both H�23X and H�35X the hydrogen
bondingnetworkformsa helix parallel to thex-axis.

The resultsof competitionexperimentsare shownin
Fig.1.Eachtwo-componentresultshowsthemoleratioX
of the initial solutionversusZ includedby the host.For
the26X–35Xcompetitionthe latter is stronglyfavoured
evenin mixturescontainingonly 10%of 35X. The23X is
alsopreferredto 26X in all mixturesbut not asstrongly.
The 23X–35X competitionexperimentis concentration
dependent:23X is preferentiallyincludedwhenthe35X
concentrationis <40%, whereas35X is favoured for
initial concentrations>50%.Whenthe startingsolution
is made of 40% 35X and 60% 23X, the preferential
inclusion of either isomer is random and varies in
differentbatches.

The three-componentexperiment is shown on the
equilateraltriangle.The startingsolutionswere located
on the sidesof the inner triangle. The resultsobtained

agreewith thoseof thetwo-componentexperiments:35X
is strongly favoured in all casesexcept when 23X is
presentat initial concentrationshigher than60% and is
preferentiallyincluded;26X is the leastfavouredisomer
for complexation with the host. Hence the starting
solutions representedby the white part of the inner
trianglemigrateto thewhiteellipsenearthe35X apex.In
contrast,the startingsolutions,initially rich in 23X and
representedby the darkenedpart of the inner triangle,
movetowardsthe23X apex.

Theresultsof thermalanalysesareshownin Fig.3.For
both 23X and35X the endothermA correspondsto the
loss of surface ethyl acetate while endotherm B
representsthe guestloss.The TG curvesshowtwo-step
masslossescorrespondingto endothermsA andB. The
thermalresultsaresummarizedin Table3.

Theinterestingpartof thecompetitionexperimentlay

Figure 1. Results of the competition experiments

Figure 2. (a) Projection of the H�23X structure viewed along
[100] and schematic H-bonding viewed in elevation. (b)
Projection of the H�35X structure viewed along [100] and
schematic H-bonding viewed in elevation

Table 2. Hydrogen bonding parameters

Compound
Donor

(D)
Acceptor

(A)
D—H
(Å)

D…A
(Å)

D…H—A
(°)

H�23X O16 O10 0.97(3) 2.71(3) 166(2)
O10 O1G 0.97(3) 2.74(4) 161(3)
O1G O16 0.97(3) 2.74(3) 166(2)

H�35X O10 O16 0.97(3) 2.69(3) 160(3)
O16 O1G 0.97(2) 2.71(3) 166(2)
O1G O10 0.97(3) 2.67(3) 174(2)

MIX O16 O10 0.97(4) 2.71(4) 161(3)
O10 O1G 0.97(4) 2.69(4) 161(3)
O1G O16 0.97(3) 2.70(3) 173(2)
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in ouranalysisof thelargemixed-guestcrystalwhichwe
grew with compositionH�32% 23X�68% 35X (MIX ).
Theanalysisof thiscrystal,MIX , showedthepresenceof
both 23X and35X in the complexendothermexhibited
by theDSCin Fig. 4. TheGCanalysisyieldedtwo peaks
correspondingto 32%23X and68%35X. Theresultsof
the x-ray diffraction study show that the structure is
practicallyisomorphouswith thetwo parentcompounds,

having similar unit cell parametersand crystallizing in
thesamespacegroupP1.

Thedirectmethodsolutionyieldedthepositionsof all
the host non-hydrogenatoms, and when these were
allowed to refine, the positions of the mixed guest
appearedin a differenceelectrondensitymap.

We noted that there were six peaks in a regular
hexagoncorrespondingto the phenylcarbonatoms,and
the oxygenpeakwasreadily identifiedby its magnitude
and by its distance of 2.698Å from the host O16
correspondingto the hydrogen bond. The other four

Figure 3. TG and DSC traces for (a) H�23X and (b) H�35X

Table 3. Thermal analysis data

Parameter H�23X H�35X MIX

H:G ratio 1:1 1:1 1:1
TG Results:
Calc.massloss(%) 31.28 31.28 —
Exp. massloss(%) 31.12 31.03 —
DSCResults:
PeakA: Ton (°C) 63.7 54.4 127.0
PeakB: Ton (°C) 129.9 146.7 139.0

Figure 4. DSC trace for MIX

Figure 5. Competition experiment with the arrow showing
the composition of MIX. Rationale for assignment of hydroxy
and methylene carbon site occupancy factors for the
`averaged' guest molecule of MIX
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peakscouldberationalizedin termsof theschemeshown
in Fig.5.Wereasonedthatthedifferenceelectrondensity
map correspondedto a superpositionof the disordered
23X (2� 16%) plus the 35X (68%). Thesefour carbon
atomswere thereforerefined with site occupanciesof
0.16 and 0.84, without imposing any bond length
constraints.Attemptsto modelthe methyl hydrogenson
these carbons (C7G, C8G, C9G and C10G) proved
unsuccessful,but thefinal modelhadreasonableisotropic
temperaturefactors.

We have thereforesuccessfullyelucidatedthe struc-
tureof a solid solutionof mixedguestsin a matrix made
up of the hostcompound.Although the final parameters
of the mixed guestsareclearly not aswell refinedasin
thetwo parentcompounds,weareconfidentthatwehave
demonstratedthe existenceof the ‘averagestructure’of

thetwo guests,whichhasbeenclearlyfoundin theresult
of theDSCandGC analyses.
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