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Abstract: Hydrogen-bonded, dimeric
capsules of calix[4]arenes substituted at
the wide rim by four urea functions show
unprecedented dynamic features when a
tetraethylammonium cation is included
as a guest. The seam of hydrogen bonds
C�O ´´´ (HN)2C�O in the equatorial
region which holds the two calixarene
counterparts together changes its direc-
tionality fast (at 25 8C), while the dimer
itself is kinetically stable on the NMR
time scale. An energy barrier of DG=�
49.9 kJ molÿ1 (Tc 276 K) was estimated
for this reorientation from variable-
temperature (VT) NMR measurements.
Lowering the temperature to about
ÿ50 8C restricts also the rotation of the
encapsulated tetraethylammonium cat-
ion around a pseudo C2-symmetry axis in

the equatorial plane of the capsule,
while its rotation around the C4 axis is
still fast. As a result of this restriction
two ethyl groups of the tetraethylam-
monium cation point towards the
ªpolesº of the capsule, while the other
pair lies in the ªequatorº region. Varia-
ble-temperature 1H NMR experiments
led to a barrier of DG=� 54.8 kJ molÿ1

(Tc 306 K) for the exchange of these
different ethyl groups. Studies with the
ternary complex formed by a C2v-sym-
metrical tetraurea proved that both
processes, reorientation of the hydrogen

bonds and rotation of the guest, take
place independently. Molecular dynam-
ics simulations suggest that the capsule
is strongly expanded by the larger tet-
raethylammonium cation in comparison
with benzene as guest. Thus, on average
only one NÿH ´´´ O hydrogen bond is
formed per urea function and the inter-
action energy between the two tetraurea
calixarenes is less favorable by about
15 kcal molÿ1. This is overcompensated
by an energy gain of about 36 kcal molÿ1

due to cation ± p interactions. These
results provide a rationale to understand
the high stability of the complex inspite
of the mobility of the hydrogen-bonded
belt.
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Introduction

Self-assembly can be used to construct molecular capsules[1, 2]

which are able to include one or two[3] suitable organic
molecules. It may be stated even, that well defined capsules
are not formed without such a suitable guest.[4] Dimeric
capsules based on tetraurea derivatives of calix[4]arene held
together by a seam of 16 hydrogen bonds,[5] have been
characterised mainly by NMR spectroscopy[6] and in one case
also by X-ray analysis.[7] The use of tetraalkylammonium

cations as guests opened the door for an analytical character-
isation by ESI mass spectrometry,[8, 9] but surprisingly such
dimeric capsules with cationic guests have not been studied
thoroughly by NMR spectroscopy.[10]

While tetraureas such as 1 or 2 are C4v-symmetric (as
revealed by their NMR spectra monitored in hydrogen bond
breaking solvents like DMSO), the symmetry of their capsules
is reduced to S8 (or C4 in heterodimers) due to the
directionality of the C�O ´´´ (HN)2C�O hydrogen-bonded
belt. The two meta-coupled doublets thus observed for the
aromatic protons of the calix[4]arene part (separated by about
1.8 ppm) can be considered as the most typical NMR proof for
the dimerisation. EXSY studies with the C2v-symmetrical
tetraurea 3 in benzene led to the conclusion that a reversal of
the directionality does not occur within a dimer but only
through its dissociation/recombination.[11]

It is well known that the encapsulated guest has a strong
influence on the thermodynamic stability of the capsule.[6c, 12]

Recently we could show, that also their kinetic stability is
strongly dependent on the guest, changing for instance by
nearly three orders of magnitude in going from encapsulated
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chloroform to cyclohexane for complexes dissolved in cyclo-
hexane.[13] We now found, that also the internal motions of the
capsule are strongly influenced by the guest. In this article we
describe the unexpected conformational behavior of the
tetraethylammonium complexes of the self-assembled capsu-
les formed by calixarenes 1 ± 3, studied by means of 1H NMR
spectroscopy and molecular dynamics (MD) simulations.

Results and Discussion

NMR studies

In CDCl3 tetraurea 1 is present as a dimer with encapsulated
CDCl3 (Figure 1 a) indicated in the aromatic region by two
strongly separated NH signals at d� 9.3 and 7.0 and two meta-
coupled doublets for the aromatic protons of the calixarene

Figure 1. Section of the 1H NMR spectrum (CDCl3, 400 MHz, 25 8C) of
a) [1 ´ CDCl3 ´ 1], b) [1 ´ Et4N� ´ 1]BF4

ÿ ; (the solvent signal is indicated by an
asterisk).

skeleton at d� 7.6 and 5.9. Saturation of such a solution by
tetraethylammonium tetrafluoroborate leads to a drastic
change of the 1H NMR spectrum of 1 (Figure 1 b). In the
region of d� 9 ± 6 only two sharp signals at d� 9.0 and 6.6
(ratio 1:3) are observed in addition to the two doublets of the
tolyl groups. The down-field signal of one type of urea NH
protons is in agreement with a hydrogen-bonded dimer, but
could be explained also by strong hydrogen bonding to other

acceptors (e.g. the anion). On the other hand, a single signal at
d� 6.6 for the aromatic protons of the calixarene, accidentally
superimposed with the second type of NH protons, is not in
agreement with the typical picture found up to now for
dimeric capsules. Up-field shifted signals for the tetraethyl-
ammonium cation (one broad signal at 0.9 (NCH2) and one
very broad signal at d�ÿ 1.7 (CH3)) may be due to its
encapsulation in a dimer, but could be also explained by its
inclusion into the open cavity of a C4v-symmetrical ªmono-
mericº tetraurea,[14] eventually assisted by additional hydro-
gen bonding of NH groups to the anion (ion-pair complexation).

The integration of these guest signals, hampered by their
broadness, indicated a ratio for 1/Et4N� of 2:1 rather than 1:1,
and an additional proof for the dimeric structure of the
complexes was found by the observation of heterodimers. The
1:1 mixture of ureas 1 and 2 extracted tetraethylammonium
salts in a similar way and additional signals (e.g. two addi-
tional pairs of doublets for ArCH2Ar, two additional broad
triplets for OCH2) are indeed observed in the 1H NMR
spectrum in complete agreement with the heterodimer
[1 ´ Et4N� ´ 2] (Figure 2). This unambiguously proves the

Figure 2. Section of the 1H NMR spectrum (CDCl3, 400 MHz, 25 8C) of
a) [1 �Et4N� � 1]BF4

ÿ ; b) [2 �Et4N� ´ 2]BF4
ÿ ; c) mixture of [1 ´ Et4N� ´ 1]BF4

ÿ,
[2 ´ Et4N� ´ 2]BF4

ÿ and [1 ´ Et4N� ´ 2]BF4
ÿ (signals of free Et4N� ions are

marked by a circle).

existence of dimers which consequently must have apparent
D4d or C4v symmetry (homo- and heterodimers, respectively)
which means that the directionality of their hydrogen-bonded
belt changes rapidly on the NMR time scale. From the
existence of discrete homo- and heterodimers and from
signals observed for uncomplexed Et4N� (d� 3.2 (q, CH2) and
1.2 (t, CH3)), follows, that the capsules themselves are
kinetically stable on the NMR time scale.[15] Therefore, the
inversion of the directionality of the hydrogen bonds must
occur in the present examples within the dimeric capsule and
not through dissociation/recombination as observed before.

Lowering the temperature leads to a splitting of the signals
in the aromatic region, as shown in Figure 3 for the
corresponding complex with Et4N� PF6

ÿ. Most probably, this
splitting is due to the directionality of the hydrogen-bonded
system. The barrier for the exchange of the two directions
(clockwise and counterclockwise when seen from one direc-
tion) was found to be 49.9 kJ molÿ1 (at the coalescence
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Figure 3. Section of the 1H NMR spectrum (CDCl3, 400 MHz) of a)
[1 ´ Et4N� ´ 1]PF6

ÿ, 25 8C; b) [1 ´ Et4N� ´ 1]PF6
ÿ, ÿ55 8C.

temperature Tc� 276 K) which is much lower than in case of
the calixarene urea dimers with neutral organic molecules as
guest, where two meta-coupled doublets were observed up to
100 8C.

As shown in Table 1 the chemical shifts (d values) of the
NH protons are smaller for the [1 ´ Et4N� ´ 1] complexes than
for capsules with chloroform or benzene as guest. This upfield
shift suggests weaker hydrogen bonding, which may be the
reason for the observed rapid change of the directionality of
the cyclic belt of hydrogen bonds (see below).

No changes are observed in the NMR spectrum, if a
solution of 1 in CDCl3 is saturated with a tetrapropyl- or
tetrabutylammonium salt (Pr4N�BF4

ÿ or Bu4N�PF6
ÿ) since

these larger cations evidently cannot be included in a dimeric
capsule. Additional signals appear with Me4N�PF6

ÿ. The
complex spectrum indicates an inclusion of the smaller
tetramethylammonium cation, but the capsules with CDCl3

as guest are not completely replaced.[16, 17]

Temperature dependence was also found for the signals
assigned to the guest.[18] With increasing temperature the two
very broad signals at about d�ÿ0.4 and ÿ3.2 (found for
[1 ´ Et4N� ´ 1]PF6

ÿ at 25 8C) coalesce at 33 8C into one signal at
about d�ÿ1.7, while a temperature decrease leads to a slight
down-field shift of the signal at d�ÿ0.40 followed by an
additional splitting into a pair of signals at about d�ÿ0.25
and ÿ0.30 below Tc� 231 K.[19] At low temperature these
three signals in the high-field region are broad triplets and the
gradient selected COSY spectrum recorded at ÿ55 8C proves
that the signal at d�ÿ3.45 is coupled with two broad signals
at d� 0.34 and 0.42, while the signals at d�ÿ0.25 and ÿ0.30
are coupled with two other signals at d� 1.10 and 0.90. This

coupling pattern as well as the integral intensities at this
temperature leave no doubts that the upfield signals in the
region d� 0 toÿ3.50 really belong to the methyl groups of the
encapsulated Et4N� ion. The big difference in chemical shifts
(d�ÿ0.25/ÿ 0.30 vs. d�ÿ3.5) indicates two very different
environments for the methyl groups of the guest. It can be
understood if one assumes an orientation where two residues
R�Et of the Et4N� ion are within the ªequatorial planeº (the
hydrogen-bonded belt), while the other two point towards the
ªpolesº of the capsule (the p-basic cavity) and hence are much
more shielded by the aromatic rings (see Scheme 1). An

Scheme 1.

energy barrier of 54.8 kJ molÿ1 (Tc� 306 K) is derived for the
exchange R/R' which most probably occurs by rotation
around the pseudo-C2 axis (Scheme 1), while the fourfold
symmetry apparent from the host signals requires a fast
rotation of the guest around the C4 axis connecting the poles.
The two signals observed at very low temperature in the
region of d�ÿ0.3 are explained by the absence of any
symmetry plane through the nitrogen of the Et4N� ion, when
there is a directionality of the hydrogen-bonded system. This
makes the two equatorial ethyl groups different from each
other.

Still more detailed information was obtained from the C2v-
symmetrical calix[4]arene urea 3 which forms chiral dimers,
present in solution, as a mixture of two enantiomers. The
chirality in this case is caused only by the combination of the
two monomers into a dimer while the directionality of the
hydrogen bonds does not lead to additional isomeric struc-
tures, but only to a reduction of the symmetry from D2 to
C2 .[20] Thus, in principle the dimeric structure of the complex
should follow directly from the NMR spectrum .

At 25 8C the NMR spectrum of [3 ´ Et4N� ´ 3]PF6
ÿ (Fig-

ure 4 a) shows four singlets for NH, four doublets for the
aromatic protons of the tolyl residues, one singlet for methoxy
and two singlets for tolyl methyl, and, in agreement with D2

Table 1. Selected 1H NMR data (in ppm) of hydrogen bonds in
[1 ´ guest ´ 1] (CDCl3, 400 MHz).

Complex N-Ha N-Hb

[1 ´ Et4N� ´ 1]BF4
ÿ (25 8C) 8.89 6.62

[1 ´ Et4N� ´ 1]PF6
ÿ (25 8C) 9.04 6.42

[1 ´ Et4N� ´ 1]PF6
ÿ (-55 8C) 9.16 6.42

[1 ´ CDCl3 ´ 1] 9.32 7.01
[1 ´ C6D6 ´ 1] [a] 9.95 7.37
[1 ´ CHCl3 ´ 1][b] 9.49 7.05
[1 ´ C6H6 ´ 1][b] 9.44 6.75

[a] In [D6]benzene. [b] Values in [D12]cyclohexane, taken from ref. [13].
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Figure 4. Section of the 1H NMR spectrum (CDCl3, 400 MHz) of a)
[3 ´ Et4N� ´ 3]PF6

ÿ, 25 8C; b) [3 ´ Et4N� ´ 3]PF6
ÿ, ÿ55 8C (the solvent signal is

indicated by an asterisk).

symmetry,[21] two pairs of doublets for the protons of the
methylene bridges (ArCH2Ar). The aromatic protons of the
calixarene skeleton appear as one broad signal, indicating
again a change in the directionality of the H-bonding system.
The methyl groups of the included Et4N� ion give one up-field
signal at d�ÿ1.8. With decreasing temperature this signal
first (Tc�ÿ2 8C) splits into two broad signals at d�ÿ0.5 and
ÿ3.4 (Figure 5). At lower temperature (Tc�ÿ25 8C) each of
these signals splits again into a pair of broad multiplets
(Figure 5) in agreement with the symmetry of a tetraethyl-
ammonium cation included in a chiral C2-symmetrical dimer.
The multiplicity of these signals is not expressed, but a COSY
spectrum recorded at ÿ55 8C proves that the signal at d�
ÿ3.41, attributed to one of the ªpolarº methyl groups, is
coupled with one broad signal at d� 0.24, while the signal at
d�ÿ3.34, attributed to the other ªpolarº methyl group is
coupled with two signals at d� 0.14 and 0.37, which corre-
spond to two diastereotopic CH2 protons within one ªpolarº
ethyl group. The relative integral intensities of the three
signals at d� 0.37, 0.24, and 0.14 are 1:2:1 (four protons). In a
similar way, the CH3 signal of one ªequatorialº ethyl group at
d�ÿ0.46 is coupled with signals at d� 0.82 and 0.99, while
the one at d�ÿ0.50 is coupled with a signal at d� 0.89.

In the aromatic region (Figure 4 b) four pairs of meta-
coupled doublets can be assigned analogously in the COSY
spectrum, superimposed in the low-field part by the tolyl
signals. There are also eight
signals for NH protons present
in the 1H NMR spectrum at
ÿ55 8C (Figure 4 b), as well as
two singlets for methoxy
groups. All this is entirely in
agreement with the C2 symme-
try of the [3 ´ Et4N� ´ 3]PF6

ÿ

complex at this temperature,
reflecting a directionality of
the hydrogen bonding system
which is frozen on the NMR
time scale.

Figure 6 shows a plot of DG=

versus the coalescence temper-
ature Tc for different signals. It

Figure 5. Section of the guest signals in the 1H NMR spectrum (CDCl3,
400 MHz) of [3 ´ Et4N� ´ 3]PF6

ÿ at different temperatures.

strongly suggests that in fact two different and independent
dynamic processes are observed, namely the inversion of the
directionality of the hydrogen bonded belt (process I) and the
rotation of the tetraethylammonium cation around the
pseudo-C2 axis (process II). Process II is reported by the
ªlarge splittingº of the guest�s methyl groups, while their ªfine
splittingº and the splitting of the host signals is caused by
process I. Of course, the temperature range for DG= is not
large enough to determine accurately DH= and DS= from this
plot. It clearly reveals, however, that one of the values does
not belong to the remaining series.

It is worth to note that the barrier for the reorientation of
the belt of hydrogen bonds is roughly the same for ureas 1 and
3, while the barrier for the rotation of the tetraethylammo-
nium cation decreases from 54.8 kJ molÿ1 (Tc 306 K) (1) to
48.4 kJ molÿ1 (Tc 271 K) (3). This might reflect a higher inner
volume in the case of urea 3 where two pentyl residues of 1
have been replaced by the smaller methyl groups.

There remains the question, why in capsules with ammo-
nium cations (e.g. Et4N�) as guest a rapid change of the
direction of the hydrogen bonds occurs, in contrast to capsules
with neutral guests. Such a process requires rotation around

Figure 6. Energy barriers DG= for the two rearrangement processes I (*) and II (&) versus the coalescence
temperatures Tc of different signals in [3 ´ Et4N� ´ 3]PF6

ÿ.
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the Ar-NH-CO-NH- s bonds and a passage of the negatively
charged carbonyl oxygen through the interior of the capsu-
le.[22] It can be easily understood, that a positively charged
guest can lower the activation barrier for this rotation.

Molecular dynamics

To obtain more detailed information about the structure of
the complexes and to gain a better understanding of their
internal mobility we have performed molecular dynamics
(MD) simulations of the model complex of [5 ´ Et4N� ´ 5] in a
box of chloroform molecules and compared the results with
the respective MD simulations of [5 ´ C6H6 ´ 5].

The volume of the dimeric capsule accessible for a guest
molecule is about 190 ± 200 �3 as estimated from the only
X-ray structure (4 ´ 4) known so far and from molecular
mechanics calculations.[7] While typical solvent guests such as
chloroform (VvdW� 74.5 �3) and benzene (VvdW� 73.5 �3)
occupy about 40 % of the cavity, also the encapsulation of
much larger guests such as camphor (VvdW� 151 �3), myrtenol
(Vvdw� 144.4 �3) or charged ammonium ions such as N-
methylquinuclidinium (Vvdw� 136.2 �3) and tetraethylammo-
nium (Vvdw� 154 �3) is evidently possible.[8, 23]

When the Et4N� ion was docked into the interior of 4 ´ 4 (co-
ordinates taken from the X-ray structure) in the position
anticipated from the experiment (see above) overlapping
areas of the guest�s and host�s van der Waals surfaces in the
equatorial region of the molecular capsule indicated that the
cavity is much too narrow to properly accommodate the guest
molecule. This necessarily means that the structure of the
calixarene capsule containing the Et4N� ion must differ from
those formed with a benzene guest. The extent of this
difference can be deduced from the comparison of several
geometrical characteristics of the two ternary complexes
[5 ´ Et4N� ´ 5] and [5 ´ C6H6 ´ 5] calculated from the MD trajec-
tories (Table 2).

Not unexpectedly, a substantial increase in the size of the
molecular capsule occurs when Et4N� is encapsulated instead
of benzene (Figure 7). The inner volume, calculated from the
average structures of the molecular dynamics runs,[24] increas-
es by almost 20 %. This expansion of the molecular capsule
concerns both, stretching of the ªpole ± poleº distance (Dd�
0.9 �) and the widening of the equator (Dd� 1 �). Compared
to [5 ´ C6H6 ´ 5] the urea residues in [5 ´ Et4N� ´ 5] are drifted
apart from each other which results in an elongation of the
NÿHa ´ ´ ´ O�C distances and even in the disruption of the
weaker[7] NÿHb ´ ´ ´ O�C hydrogen bonds (Scheme 2). The two
calixarene hemispheres of the molecular capsule in [5 ´ Et4N� ´ 5]
are therefore linked together only by a seam of (on average)
7.6 hydrogen bonds between the peripheral NÿH and C�O
groups.

Weaker NÿHa ´ ´ ´ O�C hydrogen bonds in the Et4N� com-
plex are also reflected by the chemical shifts for NH protons

Table 2. Average values for specific geometric parameters of the ternary
complexes; fluctuations in parentheses.

[5 ´ C6H6 ´ 5] [5 ´ Et4N� ´ 5]

cavity volume [�3][a] ca. 190 ca. 224
number of hydrogen bonds[b] 14.0 (1.4) 7.6 (1.9)
extension pole to pole [�][c] 9.6 (0.2) 10.5 (0.2)
extension at the equator [�][d] 11.2 (0.7) 12.2 (0.3)
NÿHa ´ ´ ´ O distance [�] 2.01 (0.2) 2.31 (0.4)
NÿHb ´ ´ ´ O distance [�] 2.45 (0.3) 2.86 (0.5)
inclination of calixarenes [8][e] 4.2 (2.1) 6.3 (6.3)
torsion angle CArÿNHb [8] 13.4 (10.6) 2.1 (12.7)

[a] Estimated from the average structure of the MD run. [b] Calculated
using a cut-off value of 2.7 � for the NH ´´´ O�C distance and of 1358 for
the NÿH ´´´ O angle. [c] Distance of the two centroids of the bridging
methylene carbon atoms. [d] Largest distance between opposite groups
defining the equator of the capsule: the urea carbonyl carbon atoms in the
case of [5 ´ C6H6 ´ 5] and the peripheral nitrogen atoms for [5 ´ Et4N� ´ 5].
[e] Angle between the two mean planes defined by the bridging methylene
carbon atoms.

Figure 7. AMBER-minimized average structures of the MD runs of [5 ´ C6H6 ´ 5] (left) and [5 ´ Et4N� ´ 5] (right). The van der Waals volume is indicated for the
guest, while only the skeleton is shown for the dimeric host. Hydrogen bonds are represented by dashed lines.
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reported in Table 1. No direct values are available for the
benzene complex in CDCl3 (the conditions taken for the
simulation), due to its low kinetic stability, while the values
obtained in C6D6 are generally down-field shifted. However,
the complex with chloroform may be taken for comparison
instead, since in [D12]cyclohexane (the same is true for CDCl3

containing 5 % C6D6) both complexes show nearly the same
value for NÿHa . In principle the same trends are observed for
the chemical shifts of protons NÿHb.

The results of the energy component analyses (Table 3) are
in line with these observations. When Et4N� is accommodated
instead of benzene the interaction energy between the two

calixarene monomers of the capsule is less favourable by
about 13 kcal molÿ1 corresponding to somewhat more than
2 kcal molÿ1 per lacking hydrogen bond. The average energy
of the dimer simultaneously increases by about 20 kcal molÿ1,
thus indicating that in addition to the weakening of the
hydrogen-bonding system also a steric strain of approximately
7 kcal molÿ1 is excerted on the molecular capsule by the bulky
tetraethylammonium cation. The host ± guest interaction is,
however, more favourable by 36 kcal molÿ1 in [5 ´ NEt4

� ´ 5]
than in [5 ´ C6H6 ´ 5] which is sufficient to compensate for the
energy loss resulting from the reorganisation of the capsule.
This large energy gain by encapsulation of the Et4N� guest can
be rationalised by attractive non-covalent forces between the
cation and the extended p-basic cavity of the calixarenes as
well as the negatively charged carbonyl oxygen atoms which
turn toward the cavity (cf. , Table 1).[25]

Conclusion

The results of the MD simulations indicate significant differ-
ences in the properties of calixarene capsules accommodating
either a benzene or a tetraethylammonium guest. While the
former is held together by a seam of (ideally) 16 hydrogen
bonds between the self-complementary urea units around the

equator, in the latter this hydrogen bonding system is
dramatically weakened due to the expansion of the capsule
by encapsulation of the bulky guest but additional ªcation ´´´ pº
interactions provide enough energy to keep the two hemi-
spheres together.[26] It seems therefore that a change in the
directionality of the hydrogen bonding system follows differ-
ent mechanisms in the two ternary complexes: a dissociation/
recombination mechanism[11] when hydrogen bonding is the
main factor for the stability of the capsule, and rotation of the
urea residues within the dimeric structure when nondirec-
tional attractive forces between the calixarene hemispheres
and the guest contribute significantly to the stability of the
assembly.

Preliminary results from potential of mean force (PMF)
calculations[27] suggest that this rotation proceeds preferably
by the passage of the C�O group through the interior of the
capsule while the passage of the NH groups requires a higher
energy. In keeping with these simulation results is the
observation that the experimentally determined energy
barrier for the inversion of the H-bond direction is also
dependent of the anion present. A passage of the NH
hydrogens through the outer sphere of the capsule could be
easily influenced by interactions with the anion. We presently
study this anion influence more in detail.

It may be generally stated that the hydrogen-bonding
system of such tetraurea capsules represents a valuable model
system to study the thermodynamic and kinetic properties of
hydrogen bonds, by far the most frequently used ªtoolº for
self-assembled supramolecular structures in nature.

Experimental Section

NMR studies

CDCl3 (stabilized over silver wool, 99.8 % of deuterium, Fa. Merck) was
used for the spectroscopic studies. The 1H NMR spectra were measured on
a Bruker DRX400 Avance (400.13 MHz) spectrometer. The complexes
used for the variable temperature 1H NMR measurements were prepared
by refluxing a 2:1 mixture of ureas 1 or 3 (50 ± 70 mg) and tetraethyl
ammonium hexafluorophosphate with 5 mL of chloroform (p.a. grade) for
2 h, followed by evaporation and drying in the vacuum of an oil pump.
Variable temperature 1H NMR measurements were conducted at a
complex concentration of 5 mm. Experiments with a slight excess (10 %)
of one of the components, ammonium salt or urea, did not show differences
in the coalescence temperatures, while a larger excess of the ammonium
salt led to measurable deviations. The Gutowsky ± Holm[28] and Arrhenius
equations were used to calculate DG= at coalescence temperatures.

5,11,17,23-Tetra-[N'-tolyl-N-ureido]-25,26,27,28-tetrapentyloxycalix[4]arene
[1 ´ Et4N� ´ 1]BF4

ÿ : 1H NMR (25 8C): d� 8.89 (s, 8H; NH), 7.66 and 7.16
(2�d, 3J� 8.2 Hz, 32 H; ArHtol), 6.62 (s, 24 H; ArHcal� NH), 4.30 and 2.94
(2�d, 2J� 11.7 Hz, 16 H; ArCH2Ar), 3.76 (t, 3J� 8.2 Hz, 16H; OCH2),
2.26 (s, 24H; ArCH3), 1.93 ± 1.89 (m, 16H; CH2), 1.4 ± 1.36 (m, 16H; CH2),

Scheme 2.

Table 3. Average energy components of the ternary complexes (in
kcal molÿ1); fluctuations in parentheses.

[5 ´ C6H6 ´ 5] [5 ´ Et4N� ´ 5]

steric energy of the dimer 142.9 (9.6) 162.3 (10.2)
interaction energy [5 ± 5][a] ÿ 78.2 (2.3) ÿ 65.2 (3.8)
interaction energy [5 ´ guest ´ 5][b] ÿ 20.3 (1.3) ÿ 56.6 (2.8)
interaction energy complex ± solvent ÿ 190.7 (7.3) ÿ 194.5 (7.0)

[a] Interaction energy between the two monomers in the dimeric capsule.
[b] Interaction energy between the guest and the dimeric capsule.
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1.32 ± 1.23 (m, 16 H; CH2), 0.96 (t, 3J� 7.0 Hz, 24H; CH3), 0.92 (br m, 8H;
NCH2*), ÿ1.67 (br m, 12 H; CH3*). Signals of the included guest are
marked by an asterisk.

5,11,17,23-Tetra-[N'-hexyl-N-ureido]-25,26,27,28-tetradecyloxycalix[4]arene
[2 ´ Et4N� ´ 2]BF4

ÿ : 1H NMR (25 8C): d� 6.93 (s, 16 H; ArHcal), 6.76 (s, 8H;
NH), 6.51 (br s, 8H; NH), 4.44 and 3.13 (2� d, 2J� 12.4 Hz, 16H;
ArCH2Ar), 3.79 (t, 3J� 7.2 Hz, 16 H; OCH2), 3.34 (q, 3J� 5.6 Hz, 16H;
NCH2), 1.96 (m, 16 H; CH2), 1.64 (m, 16H; CH2), 1.50 ± 1.00 (m, 176 H;
CH2), 0.91 (br m, 8H; NCH2*), 0.87 (br t, 48H; CH3), ÿ1.70 (br m, 12H;
CH3*).

5,11,17,23-Tetra-[N'-tolyl-N-ureido]-25,26,27,28-tetrapentyloxycalix[4]arene
[1 ´ Et4N� ´ 1]PF6

ÿ : 1H NMR (25 8C): d� 9.04 (s, 8H; NH), 7.73 and 7.24
(2�d, 3J� 8.2 Hz, 32H; ArHtol), 6.62 (br s, 16H; ArHcal), 6.42 (s, 8 H; NH),
4.30 and 2.92 (2� d, 2J� 12.0 Hz, 16H; ArCH2Ar), 3.76 (t, 3J� 8.0 Hz,
16H; OCH2), 2.27 (s, 24 H; ArCH3), 1.94 ± 1.87 (m, 16H; CH2), 1.44 ± 1.35
(m, 16H; CH2), 1.32 ± 1.26 (m, 16H; CH2), 1.11 (br m, 4H; NCH2*), 0.96 (t,
3J� 7.3 Hz, 24H; CH3), 0.8 (br m, 4H; NCH2*), ÿ0.4 (br m, 6 H; CH3*),
ÿ3.2 (br m, 6 H; CH3*); 1H NMR (ÿ55 8C): d� 9.16 (s, 8H; NH), 7.73 and
7.24 (2�d, 3J� 7.2 Hz, 32 H; ArHtol), 7.65 and 5.38 (br s, 16H; ArHcal), 6.42
(s, 8H; NH), 4.21 and 2.89 (2� d, 2J� 10.5 Hz, 16H; ArCH2Ar), 3.76 (br m,
16H; OCH2), 2.25 (s, 24 H; ArCH3), 1.87 (br m, 16H; CH2), 1.33 (m, 16H;
CH2), 1.21 (m, 16H; CH2), 1.10 (br m, 4 H; NCH2*), 0.91 (t, 3J� 7.0 Hz,
24H; CH3), 0.42 and 0.34 (2� br m, 4H; NCH2*), ÿ0.25 and ÿ0.30 (2�br
t, 6 H; CH3*), ÿ3.45(br t, 6H; CH3*).

5,11,17,23-Tetra-[N'-tolyl-N-ureido]-25,27-dimethoxy-26,28-di-pentyloxy-
calix[4]arene [3 ´ Et4N� ´ 3]PF6

ÿ : 1H NMR (25 8C): d� 9.18 (s, 4H; NH),
8.72 (s, 4 H; NH), 7.75 and 7.25 (2� d, 3J� 8.2 Hz, 16 H; ArHtol), 7.68 and
7.18 (2� d, 3J� 8.2 Hz, 16H; ArHtol), 6.82 (br s, 4H; NH), 6.8 ± 6.4 (br s,
16H; ArHcal), 6.20 (s, 4 H; NH), 4.19 and 2.94 (2� d, 2J� 10 Hz, 8H;
ArCH2Ar), 4.19 and 2.91 (2� d, 2J� 11.7 Hz, 8 H; ArCH2Ar), 3.87 (s, 12H;
OCH3), 3.60 ± 3.56 (m, 8H; OCH2), 2.28 (s, 12H; ArCH3), 2.26 (s, 12H;
ArCH3), 1.89 (m, 8H; CH2), 1.65 (m, 8 H; CH2), 1.40 (m, 8H; CH2), 0.95
(t, 3J� 7.3 Hz, 12 H; CH3), 0.70 (br m, 8H; NCH2*), ÿ1.80 (br m, 12H;
CH3*); 1H NMR (ÿ55 8C): d� 9.35 (s, 2H; NH), 9.28 (s, 2 H; NH), 8.93 (s,
2H; NH), 8.82 (s, 2H; NH), 7.8 ± 7.6 (m, 16H; ArHtol), 7.76 and 5.43 (2�br
d, 4H; ArHcal), 7.71 and 5.23 (2�br d, 4 H; ArHcal), 7.62 and 5.67 (2�br d,
4H; ArHcal), 7.43 and 5.02 (2� br d, 4H; ArHcal), 7.3 ± 7.1 (m, 18 H; ArHtol

� NH), 6.54 (s, 2 H; NH), 6.16 (s, 2H; NH), 6.03 (s, 2 H; NH), 4.2 ± 4.00 (m,
8H; ArCH2Ar), 3.86 (s, 6 H; OCH3), 3.81 (s, 6 H; OCH3), 3.5 ± 3.3 (m, 8H;
OCH2), 2.9 ± 2.7 (m, 8H; Ar-CH2-Ar), 2.31 (s, 12 H; ArCH3), 2.27 (s, 6H;
ArCH3), 2.19 (s, 6H; ArCH3), 1.89 (m, 8 H; CH2), 1.33 (m, 16H; CH2), 0.89
(br t, 12 H; CH3), 1.03 ± 0.74 (m, 4 H; NCH2*),0.35 (br m, 1H; NCH2*), 0.24
(br m, 2H; NCH2*), 0.05 (br m, 1H; NCH2*), ÿ0.46 and ÿ0.50 (2� br m,
6H; CH3*), ÿ3.34 and ÿ3.41 (2�br m, 6H; CH3*).

Computational methods

Calixarene model complexes [5 ´ NEt4
� ´ 5] and [5 ´ C6H6 ´ 5] were created by

modification of the crystal structure[7, 29] of 4 ´ 4 using the SYBYL[30]

software suite. Point charges were assigned by the Gasteiger-Marsili
algorithm.[31] The structures where then transferred to the LEaP format of
AMBER 5[32, 33] and solvated in a cubic box of 822 ([5 ´ NEt4

� ´ 5]) and 920
([5 ´ C6H6 ´ 5]) chloroform molecules, respectively. The resulting models
were subjected to 5000 steps of minimisation and subsequently to a 30 ps
belly MD simulation (300 K, 1 bar) to accomplish relaxation of the solvent.

All minimisations and MD simulations were carried out with AMBER 5.
We employed the parm96 parameter set with the following additions.
Chloroform parameters (four-site model) were adopted from the liter-
ature[34] with minor modifications: rvdW(Cl) and rvdW(C) were set to 1.925 and
2.109 �, respectively, and the force constant for the Cl-C-Cl bending term
was set to 70.0 kcal molÿ1 radÿ2. Some missing parameters for the calixarene
were taken from reference [35]. Geometrical parameters for the urea units
(see Supporting Information) were derived from 6 ± 31G**/MP2[36] calcu-
lations on N,N'-dimethylurea and the torsional parameters were estimated
from the ab initio rotational barrier.

The MD simulations were performed at 300 K and 1 bar pressure for 500 ps
with 200 K initial temperature and 1 fs time step. The nonbonding cutoff
was set to 12 �. Temperature coupling was achieved using the Berendsen
algorithm[37] with different scaling for solute and solvent and by setting the
coupling time to 0.5 ps in both cases. The pressure coupling time was set to
1.0 ps. Bonds containing hydrogen were constrained using SHAKE.
Coordinates were recorded every 200 fs for later analysis.
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