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Selective Guest Encapsulation by a Cobalt-Assembled Cage Molecule
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Introduction

Molecular recognition is the initial step in many reactions.
Catalytic transformation of biomolecules, selective catalysis,
and chiral catalysis rely on molecular differentiation. To en-
hance molecular recognition, host molecules have several in-
teraction sites. Thus, rings, cavitands, and cages, which have
several binding sites that act in a cooperative manner, are
used as hosts for selective molecular recognition. Over the
last three decades, rings and cavitands with open frame-
works have been used extensively to bind charged and neu-
tral species.[1] Cage compounds, formed either by covalent,
hydrogen, or metal bonds, have also been shown to exhibit
strong molecular binding and encapsulation.[2]

Cages assembled with metal ions have a range of cavity
sizes and encapsulate a variety of molecules.[3] Most enclose
space by using metal ions to assemble several multidentate
ligands. Many of the metal-assembled cages encapsulate
either anions[4] or cations,[5] due to the overall charge on the
cages being either positive because of the metal ions, or neg-

ative because of the ligands. Some also encapsulate neutral
molecules, often of solvent.[6] One family of these metal-as-
sembled cages consists of resorcinarene cavitands assembled
by metal ions.[7] Resorcinarenes have preformed cavities of
aromatic groups, which become walls in the cage when the
resorcinarenes are grouped together by the metal ions. We
have found that resorcinarene-based metal-assembled cages
are able to encapsulate a variety of neutral organic mole-
cules containing aliphatic, aromatic, and heteroatom moiet-
ies.[8] The resorcinarene-based metal-ion-assembled cages
are similar to the organic and hydrogen-bonded resorcinar-
ene-based molecules that have an extensive history of en-
capsulation. The metal-ion-assembled cages differ, however,
in that they are assembled and soluble in water, their encap-
sulation is triggered by pH change, and they have metal ions
close to the encapsulated guest molecules. These cages may,
therefore, be useful for the removal of organic molecules
from water, in catalyzing the reactivity of encapsulated
guests, and as NMR shift reagents.

Although guest encapsulation is mediated by most cages,
the selective encapsulation of a guest is more challenging.
Selective guest encapsulation is important for separating
similar molecules or for encapsulating a specific target mole-
cule. In the formation of organic-based[9] and hydrogen-
bonded[10] cages, the guest often acts as a template for cage
formation, and the template effect can be very dramatic.
The template-directed assembly of metal cages has also
been reported.[11] Although selective encapsulation is well
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established in nonmetal-assembled cages,[12] it is rare in
metal-assembled cages.[13] Here, we present detailed findings
on the selective encapsulation of organic molecules by
metal-assembled cages.

We previously found that the assembly of resorcinarenes
with appended iminodiacetate groups into cage molecules
can be induced by metal ions, and that these metal-assem-
bled cages can encapsulate organic molecules.[8] Thus, the
addition of cobalt(ii) or iron(ii) ions to a solution of func-
tionalized resorcinarene (1) and organic molecules results in
the encapsulation of the organic molecules by the metal–re-
sorcinarene cage. Guest encapsulation can be demonstrated
by a large upfield shift in the NMR spectrum of the encap-
sulated guest (30 ppm), and by X-ray crystallography show-
ing guest molecules in the cage. Even though these metal-as-
sembled cages are water soluble because of their overall
anionic charge, they posses an elliptical (10I11 J), hydro-
phobic cavity surrounded by aryl and etheric groups. In ad-
dition, we were able to show that the cages encapsulate
guests selectively. For example, p-xylene is encapsulated
twenty thousand times more favorably than either o- or m-
xylene. The encapsulation preference correlates with the
size, shape, and polarity of the guest. The enthalpy change
during encapsulation is favorable for the highly selected
guests. Calorimetric titrations show that several steps are in-
volved in cage formation and guest encapsulation. Differen-
ces in free energy and entropy changes for guest encapsula-
tion were calculated from competitive encapsulation ratios
and the enthalpies of encapsulation.

Results

Stirring of the resorcinarene-based cavitand (1), cobalt(ii)
ions, and organic molecules at pH>5 results in the forma-
tion of cage molecules ([Co4(1)2]

8�) and the encapsulation of
organic molecules (Scheme 1). This occurs in most cases,
even though the organic molecules are present at a lower
concentration than the water molecules, with which they
compete for the cage interior. To determine the preference
of a cage for one guest over another, studies were per-
formed in which two different organic molecules were pres-

ent during cage formation. As shown in Figure 1, the proton
resonances of the encapsulated guests appear in the �20 to
�40 ppm region of an NMR spectrum. The proton NMR
signals were integrated to obtain the quantity of each cage–
guest complex. The cage has a high affinity for some mole-
cules (e.g., anisole and p-xylene) and a low affinity for
others (e.g., pentane and dichloromethane), as seen in
Table 1. The values listed in Table 1 are the selectivities rela-
tive to that of benzene, which was set at 100.

Scheme 1. Guest encapsulation by a metal-assembled cage.

Figure 1. 1H NMR spectra of a cage formed in the presence of toluene
and n-hexane. Bottom spectrum shows cage peaks and guest peaks from
20 to �40 ppm. Top spectrum is a blow up of the �20 to �40 ppm
region. There are two sets of cage peaks, one with toluene inside and one
with hexane inside. The cage peaks are at �24.5, �25.5, �31, and
�32 ppm. The four peaks for encapsulated toluene are at �20, �23.5,
�29, and �32.5 ppm. The three peaks for hexane are at �25, �35, and
�38 ppm. (The small broad peaks next to the hexane peaks are for a
minor isomer.)
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Relative selectivity values can be used to calculate rela-
tive free energy changes for guest encapsulation. In the
presence of two potential guest molecules, the reactions are:

2 1þ4Co2þþAguest ! cage�A

KA ¼ ½cage�A�=½1�2½Co2þ�4½Aguest�
ð1Þ

2 1þ4Co2þþBguest ! cage� B

KB ¼ ½cage� B�=½1�2½Co2þ�4½Bguest�
ð2Þ

Because [1] and [Co2+] were kept constant, Equation (1)
can be divided by Equation (2) to give the expression
([cage–A]/[cage–B])/([Aguest]/[Bguest])=K, in which K=KA/
KB. The ratio of [cage–A]/[cage–B] is the same as the guest
encapsulation preference. The ratio [Aguest]/[Bguest] is calcu-
lated by subtracting the amount of guest in the cage from
the original amount of guest. From the relationship DG8=
�RTlnK, the difference in free energy of encapsulation be-
tween two guests can be calculated. For example, for tolu-
ene and benzene, DG8=�4.5 kJmol�1; for p-xylene and
benzene, DG8=�14 kJmol�1; and for p-xylene and fluoro-
benzene, DG8=�16 kJmol�1.

Results of NMR analysis to track cage formation and
guest entrapment showed that at pH<3.0, cavitand proton
resonances are in the diamagnetic region and, thus, the cavi-
tand is not bound to the paramagnetic Co2+ ions. As the pH
exceeds a value of 3.0, the proton resonances broaden,
which indicates the binding of Co2+ ions. At pH greater
than 5.0, the cavitand proton signals become narrower and
cover a range of 200 ppm, indicating that the metal-assem-
bled cage has formed. There is not a clear change of proton
NMR signals from metal-free cavitand to cage, due in part
to the shifting of resonances from the diamagnetic to the
paramagnetic region. Thus, equilibrium constants for guest
encapsulation could not be determined by NMR analysis.

Titration calorimetry was used to measure the enthalpy
change for encapsulation.[15] Initial titrations of Co2+ ions
into a solution of 18� showed that the formation of a cage
from two molecules of 18� and four Co2+ ions is kinetically
controlled. Titration curves were complex and did not show
the stoichiometry for quantitative cage formation. Results of
NMR titrations showed that some of the iminodiacetate
groups of 18� were not coordinated to Co2+ , even in the
presence of excess Co2+ ions. The inverse titration, in which
18� was titrated into a solution of Co2+ ions, revealed the
formation of several unidentified products before the ap-
pearance of the final [Co4(1)2]

8� product. To create a reac-
tion environment similar to that used in the selective encap-
sulation studies, an acidic solution containing 1 and Co2+

ions was titrated with a solution of NaOH. Quantitative for-
mation of cage by this method was confirmed by performing
NMR titrations. This indirect titration method requires cor-
rection for the heats of deprotonation and water formation,
but allows determination of the heat of cage formation.

Following the titration of an acidic solution of 1 with a
base, two exothermic regions are noted (Figure 2). The en-
thalpy change for the first region is approximately �38 kJ
per mole of OH� ions. The iminodiacetic acid moieties of 1
can have three acidic protons; two on the carboxyl groups
and one on the nitrogen atom. At pH 3.0, at which the ini-
tial titrations are performed, the iminodiacetic acid group
has lost the hydrogen atom from one carboxyl group (pKa

less than 0) and most of the hydrogen atoms from the other
carboxyl group (pKa=2.3).[16] Thus, the first portion of
added hydroxide reacts with ionized H+ ions and increases
the dissociation of the second carboxyl group of the imino-
diacetic acid groups (Scheme 2). As the mole ratio of added
hydroxide increases from 	1.5 to 5.5, the proton from the
nitrogen of the iminodiacetic acid is removed. Curve fit-
ting[17] the titration data produces a conditional equilibrium
constant, associated with loss of the ammonium proton, of
3.0I105, assuming a one-site model. The enthalpy change
for the second region is �29 kJmol�1, which is similar to
that calculated upon titration of the model compound, ben-
zyliminodiacetic acid (BIDA), with OH� , K=1.6I105 and
DH8=�28 kJmol�1. These data are in agreement with the
literature values for BIDA (K=1.3I105) and methylimino-
diacetic acid (DH8=�29 kJmol�1).[16] The titration of BIDA
was performed in the same way as for 1, except that the

Table 1. Relative guest encapsulation preference.[a]

Guest (solubility in mmolL�1 H2O at 25 8C)[19] Encapsulation preference

anisole 27400
p-xylene (1.7) 26700
ethyl benzene (1.5) 2700
acetonitrile[b] 1050
ethyl acetate (920) 800
toluene (5.9) 600
styrene 580
4-chlorotoluene 430
bromobenzene (2.9) 390
1-isoamyl alcohol (410) 270
1-hexanol (52) 210
hexane (0.13) 206
diethyl ether (810) 200
1-bromobutane 170
1-pentanol (240) 122
heptane (0.023) 105
1-chlorobutane 103
chlorobenzene (4.35) 102
benzene (23) 100
1-butanol (1100) 96
1,2-dibromoethane 80
1-bromopropane (19) 77
benzonitrile 69
1-bromopentane 67
fluorobenzene (16) 42
pentane (0.58) 40
bromoethane 35
chloroform (84) 18
1,2-dichloroethane (88) 7
dichloromethane (235) 3
tetrahydrofuran 2
m-xylene (1.7) <1
o-xylene (1.7) <1

[a] Values are the selectivities relative to that of benzene, which was set
at 100. [b] Two guest molecules were encapsulated.
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concentration of BIDA was four times that of 1. Each mole-
cule of 1 has four iminodiacetic acid groups and, therefore,
the pKa of one group could be affected by removal of a
proton from another group. The distance between the imi-
nodiacetic acid groups is too small for them to be independ-
ent of each other.

Titration of a solution of 1 with a base in the presence of
Co2+ ions produces a more complex titration curve
(Figure 3). During the titration, deprotonated 1, cobalt-coor-
dinated 1, and cage are formed sequentially (Scheme 3). At
the beginning of the titration (Figure 3, region a), at a pH of
approximately 3.0, the heat corresponds to the reaction of

free protons and protonated carboxyl groups with OH� ions,
and the coordination of cobalt to carboxylate groups. This
region gradually becomes less exothermic (region b), and in-
dicates a situation in which protonated carboxyl, unbound
Co2+ ions, carboxylate, and coordinated Co2+ ions are in

Figure 2. ITC titration curves, thermogram (top) and isotherm (bottom),
for the titration of 2.4 mm 1 with 92 mm NaOH.

Scheme 2. Deprotonation of 1.

Figure 3. ITC titration curves, thermogram (top) and isotherm (bottom),
for the titration of 2.4 mm 1 and 8.4 mm Co2+ with 92 mm NaOH.

Scheme 3. Deprotonation, Co2+ coordination, and cage formation.
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equilibrium. This phase (a–c) is followed by an exothermic
region of constant heat evolution per injection (region c),
which corresponds to nitrogen deprotonation and cage for-
mation. There is then a sharp decrease in heat evolved per
injection, followed by another region of constant heat per
injection, in which blue cobalt hydroxide forms (region d).
After this, the heat per injection equals the heat of dilution.

The stage of the titration at which one Co2+ ion coordi-
nates to two iminodiacetate groups, thus bringing together
two cavitands to form a cage, reveals a lot about cage as-
sembly. Data from this stage is expected to be influenced by
guest encapsulation. Titration of a solution of 1 and Co2+

ions in the presence of a guest produces curves similar to
those obtained in the absence of a guest, except in the case
of highly selected guests, such as anisole and p-xylene. In
the presence of these guests, a constant heat per injection is
observed not only during cage formation (Figure 4), but also
from the beginning of the titration to the point at which
cobalt hydroxide forms, which shows that these guests favor
cage formation.

The enthalpy change of cage formation can be calculated
from the average heat during the constant exothermic
region attributed to cage formation (region c of Figure 3).
As Table 2 shows, the enthalpy change of cage formation is
	�310 kJmol�1 for many guests and 	�348 kJmol�1 for
others. The enthalpy change of cage formation is apparently
more exothermic for guests that are highly selected, such as
p-xylene and anisole. Guests whose selectivity preferences
are fairly similar, such as toluene, benzene, and ether, have
similar enthalpy changes for cage formation.

Discussion

To assist in the understanding of guest selectivity, a few
properties of the cage need to be reviewed. The cage is el-
lipsoid in shape, being slightly larger in one direction than it
is in the other. It has two poles that are rich in aromatic
groups, with each pole being surrounded by four phenyl
groups. The cage has an equator region surrounded by
etheric groups that are slightly polar. The crystal structure
of the cage shows that the metal ions and their amine and
carboxylate ligands face away from the internal cavity of the
cage.[8] The metal centers are around the equator of the
cage and are separated from the cageOs cavity by methylene
groups.

The size of the cageOs cavity is important to guest selectiv-
ity. Of the nonpolar aromatic compounds, p-xylene is prefer-
red over toluene, which is preferred over benzene. This is
explained by the methyl groups of xylene and toluene,
which point into the poles of the cage and form C�H–aryl
and van der Waal interactions. The two methyl groups of
xylene form a stronger interaction than either the single
methyl group of toluene or a hydrogen atom on benzene.
The cage selectivity for benzene-containing molecules is ex-
plained by their optimum size. Seven of the ten most strong-
ly encapsulated molecules contain a benzene ring. Although
aromatic compounds are some of the most highly selected,
they also show variations in selectivity. There is a correlation
between size and encapsulation selectivity; for example, p-
xylene (26700), ethyl benzene (2700), toluene (600), and
benzene (100) show that encapsulation selectivity follows a
trend from largest to smallest. Thus, the replacement of the
hydrogen atoms on benzene with methyl groups increases
the cage preference for a molecule. However, the cage does
not encapsulate aromatic molecules that have more than
two non-hydrogen atoms on a benzene ring.

A size effect is also demonstrated by the encapsulation of
alkane and haloalkane. The cage has a preference for alka-
nes with intermediate chain lengths, as shown by the selec-

Figure 4. ITC titration curves, thermogram (top) and isotherm (bottom),
for the titration of 2.4 mm 1, 8.4 mm Co2+ , and p-xylene with 92 mm

NaOH.

Table 2. Heats of deprotonation, cobalt coordination, and cage forma-
tion.

Compounds Heat[b] Heat[c] Heat[d]

in solution[a] [kJmol�1] [kJmol�1] [kJmol�1]

BIDA �27.6
1 �28.5
BIDA, Co2+ �31.4 �62.8
1, Co2+ �38.5 �77.0 �308
1, Co2+ , chloroform �39.7 �79.4 �318
1, Co2+ , fluorobenzene �39.3 �78.6 �314
1, Co2+ , benzene �38.1 �76.2 �305
1, Co2+ , diethyl ether �38.5 �77.0 �308
1, Co2+ , toluene �39.3 �78.6 �314
1, Co2+ , ethyl acetate �38.1 �76.2 �305
1, Co2+ , p-xylene �43.5 �87.0 �348
1, Co2+ , anisole �43.5 �87.0 �348

[a] Guests listed in order of selectivity. [b] Per mol of base added. [c] Per
[Co(ida)2]

2� formed. [d] Per cage formed.
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tion of n-hexane (206) over n-heptane (105) and n-pentane
(40), and 1-bromobutane (170) over 1-bromopentane (67)
and 1-bromopropane (77). Small molecules, such as chloro-
form, 1,2-dichloroethane, and methylene chloride are all
poorly selected, due to both size and polarity. One exception
was the small molecule, acetonitrile, which was encapsulated
with preference to larger molecules. However, in contrast to
all other molecules, two acetonitrile molecules were encap-
sulated instead of one.

The aromatic compounds also show that the shape of the
cage cavity affects guest encapsulation. Molecules of p-
xylene are selected twenty thousand times more readily
than molecules of o- and m-xylene. In the o- and m-isomers
of xylene, one methyl group is positioned at a cage pole,
and the other methyl group is positioned close to the equa-
tor, forcing aryl hydrogen atoms to contact cage atoms. An-
other example of shape selectivity is shown by comparing
ethyl benzene to styrene and benzonitrile. The sp3 carbon
atoms of the ethyl group on ethyl benzene make a favorable
aryl–C�C bond angle (1098) to allow for increased interac-
tion of a methyl group with the cage, whereas the sp2 carbon
atoms of styrene (aryl–C�C bond angle of 1208) and the sp
carbon atoms of benzonitrile (aryl–C�N bond angle of 1808)
form bond angles that do not allow for favorable methylene
or nitrogen interactions.

The interaction between guest and cage polarity also af-
fects guest encapsulation. The importance of guest polarity
is demonstrated by the series in which bromobutane (170) is
selected over chlorobutane (103) and pentane (40). As an-
other example, p-xylene (26700) is favored over p-chloroto-
luene (430), and toluene (600) is favored over chloroben-
zene (102). Cases in which the larger and more polorizable
bromine is bound to benzene show selectivities greater than
those of the chlorine compounds. Bromobenzene is prefer-
red over chlorobenzene, which is preferred over fluoroben-
zene. Although chlorobenzene is larger than benzene, it
does not have an improved selectivity. Bromine-containing
alkanes are selected over similar chlorine-containing com-
pounds, as shown by the preference of bromobutane to
chlorobutane (2:1 preference) and 1,2-dibromoethane to
1,2-dichloroethane (10:1 preference).

Heteroatom-containing compounds also reveal how guest
polarity may enhance encapsulation. Anisole is preferred
over ethyl benzene (10:1), diethyl either over pentane (5:1),
and 1-hexanol over heptane (2:1). Furthermore, polar mole-
cules, such as acetonitrile, ethyl acetate, and 1-isoamyl alco-
hol, are towards the top of the selectivity list. This encapsu-
lation of polar molecules exists even though their dipole at-
traction to the solvent water molecules is stronger than that
of the nonpolar molecules. However, there is a limit to how
polar a molecule can be and still be encapsulated. For exam-
ple, encapsulation of water competes with the encapsulation
of ethanol and is, in fact, preferred over the encapsulation
of methanol and DMF. Under the encapsulation conditions,
methanol and DMF are not detected in the cages. The en-
hanced acidity of the protons on the carbon next to the het-
eroatom may enhance the encapsulation of these molecules.

Another possible explanation for guest selectivity is that
those compounds that are least soluble in water are trapped
most easily. This explanation seems to be valid in a qualita-
tive sense for some guests. For example, the solubility
(mmolL�1) trend of benzene (23)> toluene (5.9)>ethylben-
zene (1.5)	p-xylene (1.7) is opposite to their trend in selec-
tivity: p-xylene (26700)>ethylbenzene (2700)> toluene
(600)>benzene (100). This explanation also seems plausible
when considering that very polar molecules, such as acetone,
methanol, and dimethylsulfoxide, are only sparingly encap-
sulated. However, not all compounds support this theory;
for example, the trend in solubility (mmolL�1) for the fol-
lowing polar compounds is: ethyl acetate (920)>diethyl
ether (810)>1-pentanol (240)>chloroform (84), and yet,
the trend in encapsulation preference is qualitatively the
same: ethyl acetate (804)>diethyl ether (200)>1-pentanol
(122)>chloroform (18). Slightly soluble guests along with
soluble guests are shown at the top and bottom of Table 1.

The difference in free energy calculated from the selectiv-
ity difference shows that those guests that are highly select-
ed are thermodynamically favored by about 16 kJmol�1

(Table 3). This is similar to the difference in free energy be-

tween guests encapsulated by cryptophanes.[18] The differ-
ence in enthalpy can be calculated by using the heats of
cage formation in the presence of different guests. These dif-
ferences do not follow an orderly trend to more negative
values in the way that the free energies do. By substituting
the free energy differences and enthalpy differences into the
Gibbs–Helmholtz equation, DG8=DH8�TDS8, the differen-
ces in entropy can be calculated (Table 3). The differences
in entropy correlate well with the size of the guest. If the
size difference between two guests is large, such as between
p-xylene and benzene, the entropy change corresponding to
encapsulation of the larger guest is more negative and less
entropically favorable. However, if a smaller guest is encap-
sulated, such as benzene instead of fluorobenzene, the dif-
ference in entropy is positive. Therefore, both the enthalpy
and entropy are important to guest selectivity. For example,
comparison of benzene and fluorobenzene shows that the
enthalpy of cage formation for benzene relative to fluoro-
benzene is positive (9.0 kJmol�1) and enthalpically not fa-
vorable; however, the entropy is positive (37 Jmol�1K�1)
and favorable, which results in a preference for benzene en-
capsulation. Another example is shown by comparing p-
xylene to benzene. The enthalpy of p-xylene encapsulation

Table 3. Differences in the free energies, enthalpies, and entropies of en-
capsulation between guests.

Guests: preferred DDG8 DDH8 Calcd DDS8
guest given first [kJmol�1] [kJmol�1] [Jmol�1K�1]

benzene/fluorobenzene �2.1 9.0 37
toluene/benzene �4.5 �9.0 �15
p-xylene/toluene �9.1 �34 �84
p-xylene/benzene �14 �43 �97
p-xylene/fluorobenzene �16 �34 �60
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is much more favorable (�43 kJmol�1) than that for ben-
zene; however, the entropy is much less favorable
(�100 Jmol�1K�1). The enthalpy–entropy compensation dis-
played by guest encapsulation is not uncommon for the
binding of guest to synthetic or enzyme receptors.[19]

Along with the titration calorimetry experiments for 1,
the benzyliminodiacetic acid (BIDA) model compound,
which is capable of forming a BIDA:Co coordination com-
pound of ratio 2:1, but not capable of assembling into a
cage, was also titrated. The heat of coordination of cobalt to
two BIDA molecules is less exothermic than the heat of co-
ordination of cobalt to two iminodiacetate units of 1 upon
formation of a cage. Thus, even though the four iminodiace-
tate groups on each 1 could coordinate to cobalt ions and
form other species apart from cages, such as oligomers, it is
thermodynamically favorable by about 8 kJmol�1 per cobalt
ion for the iminodiacetate groups to assemble two molecules
of 1 into a cage.

The last part of the titration, during which cobalt hydrox-
ide forms, is similar for all of the titrations (DH8=
�14 kJmol�1 of base) and does not show a correlation to
the guest present. However, this heat was less exothermic
when the cage was disassembled than when [Co(bida)2] was
broken apart (DH8=�18 kJmol�1 of base). Breaking the
bonds between four cobalt ions and eight iminodiacetate
groups from the cage and the formation of a cobalt hydrox-
ide species is less favorable than breaking the bonds be-
tween one cobalt and two BIDA molecules. As formation of
the cage is more stable, it is less favorable to break it apart.

Conclusion

The metal-assembled resorcinarene-based cage, 1, selective-
ly encapsulates neutral organic molecules. The most domi-
nant factors in encapsulation selectivity are guest fit and po-
larity. The guest of optimum size, shape, and polarity for the
cavity will occupy the greatest amount of cavity space and
have the greatest number of favorable bonding interactions
with the interior of the cage. Consequently, it will achieve
optimum binding. In most cases, molecules with intermedi-
ate polarity are selected over those that are either nonpolar
or very polar. The enthalpy changes for cage formation
around guests differ by as much as 43 kJmol�1 and the free
energy changes for guest encapsulation range from 2 to
15 kJmol�1. For the encapsulated guests, the entropy
changes range from �100 to +37 Jmol�1K�1 and correlate
to the differences in sizes of the guests.

Experimental Section

Solvents, reagents, and organic compounds were used as supplied from
commercial sources. [Ba4(1)] was synthesized as previously described.[8]
1H NMR studies were performed by using a Varian INOVA 300 MHz
Multinuclear FT-NMR spectrometer. Calorimetry was performed by
using a Calorimetry Sciences Corp. Isothermal Titration Calorimeter
Model 4209.

Selectivity studies : [Ba4(1)] (100 mg, 45 mmol) was dissolved in water
(7 mL) and 1m HCl (2 mL). K2SO4 (100 mg, 0.57 mmol) was added to
the solution and the precipitate (BaSO4) was removed. Small portions of
K2CO3 powder were then added to the solution until a pH of 6.0 was
reached. The water was removed by evaporation and the white residue
([K8(1)]) was collected. D2O (5 mL) was added to the dry residue and
the solution was divided into five aliquots. Two different potential guests
(0.010 mL of each) were added to each of the aliquots and the solutions
were capped and stirred for 30 min. CoCl2·6H2O (5.0 mg, 21 mmol) was
added to each aliquot and the solutions stirred for 5 min, after which
they were filtered and analyzed by performing proton NMR spectrosco-
py. The NMR peaks from encapsulated guest molecules were integrated,
and a mole-to-mole ratio of encapsulated guest molecules was calculated.
The selectivity ratios have an error of less than ten percent, which is due
to the ability to integrate the NMR signals. To check for reproducibility,
more than one run was performed with the same two guests, and most of
the guests were run with benzene. In the cases of anisole and p-xylene,
0.0010 mL was used instead of 0.010 mL, due to their high selectivity.
Due to its low selectivity, 0.010 mL of methylene chloride was run with
0.0010 mL of chloroform. The encapsulation preferences shown in
Table 1 were calculated by dividing the molar encapsulation ratio of
cage–Aguest/cage–Bguest by the mole ratio of Aguest/Bguest that was originally
present in the solution. To calculate the encapsulation preferences, cages
containing one guest were compared with cages containing the other
guest.

Titration calorimetry : Compound 1 was formed by dissolving [Ba4(1)] in
HCl (1m), followed by addition of aqueous KOH to adjust the pH of the
solution to 2.0. This induced the precipitation of 1 as a white solid
[K4�xH4+x(1)], which was isolated and dried. The exact molecular weight
of [K4�xH4+x(1)] was established by dissolving a known amount of it and
a reference compound in D2O and comparing the integrated 1H NMR
resonances. A 2.4 mm solution of 1 was prepared and adjusted to pH 3.0
by adding aqueous NaOH. A sample (1 mL) of this solution was placed
in the calorimeter ampule along with CoCl2·6H2O (2.0 mg, 8.4 mmol), in
either the absence of guest or the presence of 41 mmol of guest. The
ampule was placed in the calorimeter and the solution was stirred
(450 rpm) while the instrument equilibrated. During the titration, 40 or
50 injections of aqueous NaOH (92 mm), each with a volume of 5 or 4mL,
were added. Heats of dilution were small compared to the heats of reac-
tion. The results of at least six injections were averaged to calculate the
heat during cage formation. The studies with benzyliminodiacetic acid
were performed by using a 9.6 mm BIDA solution.
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