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Abstract: In solvents such as chloro-
form or benzene, tetraurea calix[4]-
arenes 1 form dimeric capsules in
which one solvent molecule is usually
included as guest. To explore the struc-
tural requirements for the formation of
such hydrogen-bonded dimers we re-
placed one p-tolylurea residue by a
simple acetamide function. The result-
ing calix[4]arene 2a, substituted at its
wide rim with one acetamide and three
p-tolylurea functions, assumes a Cj-
symmetrical conformation in apolar
solvents as shown by 'H NMR, which
is not compatible with the usual capsu-
le. In the crystalline state, four mole-
cules of 2a, adopting a pinched cone
conformation, assemble into a quasi S,
symmetrical tetramer stabilized by a
cyclic array of 24 NH--O=C hydrogen
bonds and four NH--m interactions.
Four acetamide groups are hydrogen-

bonded to each other and pack tightly
in the center of the assembly. All polar
residues are buried inside the tetramer,
the surface of which is lipophilic. Ex-
tensive NMR studies revealed similar
structures in apolar solvents such as
[D]chloroform or [Dg]benzene for calix-
acetamides 2a—c. The formation of
these tetramers in solution is critically
dependent on the size of the amide
fragment, so that propionamide 2d, bu-
tyramide 2e, and p-tolylamide 2 f form
only ill-defined aggregates. This is
caused by steric crowding inside the
tetrameric assembly. The tetramers per-
sist during molecular dynamics simula-
tions, and the optimized average struc-
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ture of the MD run is similar to that
found in the crystalline state. Theoreti-
cal studies revealed that cooperation of
hydrogen bonds with multiple NH--m,
C—H:m, and mt---7t attractions make the
tetramer more stable than the capsular
dimer with the solvent as guest. In the
presence of tetraethylammonium salts,
however, compounds 2a-e form dimer-
ic capsular assemblies, each incorporat-
ing a single ammonium cation. Only
one of two possible regioisomeric
dimers is formed, in which both acet-
amide groups are surrounded by two
urea residues. These examples give
striking evidence of how self-assembly
in solution can be strongly dependent
on subtle structural factors and of how
the formation of dimeric capsules can
be induced by the presence of an ap-
propriate guest.

Introduction

Calix[4]arene tetraurea derivatives of type 1 (Figure 1) have
been shown to form hydrogen-bonded dimeric capsules!!! ca-
pable of reversible encapsulation of neutral and cationic
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guests in non-polar media. The two calix[4]arene moieties
are held together by a seam of 16 NH--O=C hydrogen
bonds between the (interdigitating) urea residues. '"H NMR
spectra suggested a stronger hydrogen bond for NH, (at-
tached to R) than for NHj (attached to the calixarene),
which was confirmed for capsules with benzene as guest by
a shorter N-~O distance in the crystalline state.”) Inclusion
of the larger tetraethylammonium cation leads to an expan-
sion of the capsule, with only eight hydrogen bonds—mainly
of the NH,O=C type—now being found in the crystal.”!
Modifications of the ether residues Y at the narrow rim and/
or the urea functions at the wide rim resulted in various
supramolecular assemblies, including capsular polymers
(polycaps), chiral capsules,”! and a unimolecular capsule.
The introduction of bulky urea residues R led to dimeric
capsules with outstanding kinetic stabilities."! These have
been shown to decompose slowly on the human timescale
even in polar solvents such as DMSO.®

Hydrogen-bonded, dimeric capsules also have been re-
ported for tetra-ureidopeptide derivatives of calix[4]ar-
enes,”) in which two hydrogen bond arrays are superim-
posed, and for alanine-substituted derivatives."") Dimeric
capsules are also formed from calix[4]arenes with oppositely
charged functional groups at the wide rim.!!!

Structural modifications of the urea functions may be
used to obtain further insight into the factors determining
the stability of the hydrogen-bonded dimer. A serendipitous
discovery of such a modification was the observation that
tetratosyl- and tetraaryl-ureas prefer to form heterodimers
when mixed."” We were interested in whether all four urea
residues are necessary to form a stable capsule, and replaced

one urea group by a simple amide group, thus eliminating
one of the NH, groups. While these triurea monoamides
form the usual capsules when ammonium cations are offered
as guest, this structural modification completely changes the
assembly formed in aprotic solvents which are usually in-
cluded as guest. We have discovered that calix[4]arene triur-
ea monoacetamides 2a and 2b (Scheme 1) form hydrogen-
bonded tetramers composed of calix[4]arenes in a strongly
pinched cone conformation in the crystalline state and in
non-polar solvents.

Results and Discussion

Synthesis: Treatment of tetraamine 3 with one equivalent of
tert-butyloxycarbonyl (Boc) anhydride gave the mono-Boc-
protected compound 4 (Scheme 1).1% Acylation with isocya-
nates afforded the triureas 5, which were then deprotected
with trifluoroacetic acid (TFA) to give the amines 6 as tri-
flate salts. Finally, acylation of 6 with acid anhydrides or
acid chlorides yielded compounds 2, each bearing three urea
functions and one amide moiety at its wide rim.

Single-crystal X-ray analysis: Slow crystallization of monoa-
cetamide 2a from a three-component mixture (MeCN/
CH,Cl,/H,0) afforded colorless transparent crystals, which,
although unstable in the absence of mother liquor, were
suitable for single-crystal X-ray analysis.

In the crystalline state, a molecule of 2a adopts a pinched
cone conformation (Figure 2a) in which the calixarene
aryl ring A bearing the acetamide fragment is strongly bent
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Scheme 1. a) Boc,0, CHCl,, RT; b) R'NCO, THF, RT; ¢) TFA, CH,Cl,, RT; d) R*COCI or (R*COO),, RT.
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Figure 2. Single-crystal X-ray structure of 2a,: a, b) Conformation of a
single molecule of 2a seen from two directions (only NH hydrogen
atoms are shown, while pentyl groups are omitted for clarity). c, d) Stick
presentation of the tetrameric assembly of 2a (pendant pentoxy chains
and para-tolyl fragments are omitted for clarity; hydrogen bonds are
shown in dashed lines); the S, axis is perpendicular to the drawing plane
in (c) and the orientation shown in (d) is obtained by a 90° rotation
around a horizontal axis. e, f) Space-filling representation of the complete
tetramer 2a, (pentyl chains are omitted, orientations are similar to those
in (c,d)).

towards the opposite ring I bearing the p-tolylurea frag-
ment (dihedral angle —24.9 to —26.0° for the four calix[4]-
arenes in the tetramer; see below). The dihedral angle be-
tween the other two aryl rings I and I is 107-110.3°. The
aromatic rings form the following dihedral angles with the
best plane through the methylene bridge carbons: A:72.1-
72.5°, 1:143.0-145.6°, II: 81.6-83.0°, and III: 144.0-145.3°.
The pendant amide groups are oriented in a chiral, C;-sym-
metrical (Figure 2a) manner such that the carbonyl groups
of three urea fragments are pointing clockwise (or counter-
clockwise), while the carbonyl of the acetamide is pointing
counterclockwise (or clockwise). No intramolecular hydro-
gen bonds are found between the amide groups at the wide
rim of the calixarene.

Two pairs of enantiomers of 2a form a cyclic, hydrogen-
bonded tetramer of somewhat distorted S, symmetry (Fig-
ure 2b, Figure 3). The conformations of these four mole-
cules and their intermolecular distances are hence slightly
different. For each distance, angle, etc. an average of the
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Figure 3. Schematic drawing of the hydrogen bonding pattern found in
the crystal structure of 2a,. Ellipses denote the wider rim of the calixar-
ene subunits; they are drawn in bold lines when they lie above the plane
of the acetamide carbonyl groups (with their substituents pointing away
from the viewer), while dashed lines indicate that they are below this
area and the substituents are pointing upwards. Hydrogen bonds are rep-
resented with dashed bold black lines. Hydrogens involved in NH-m in-
teractions are typed bold. Only atoms mentioned in Table 3 are marked.

four values is given below. The four acetamide groups are
positioned in the middle of the assembly, connected through
a cycle of four NH--O=C hydrogen bonds (N—O distances
2.95 A). Each amide carbonyl oxygen accepts a second hy-
drogen bond from the calix-attached urea NH of ring IT in
the adjacent calixarene (N—O distance 2.95 A), while its
tolyl-attached urea NH, forms NH---xt contacts (3.66 A) with
the aryl ring A. Three-centered hydrogen bonds connect the
carbonyl oxygen of ring II with both NH groups of ring III
in a third calixarene and its carbonyl oxygen with both NH
groups of ringI in the second calixarene. The carbonyl
oxygen at ring I is not involved in hydrogen bonding. In this
sequence the hydrogen bonds of NHg groups connected to
the p-tolyl fragments are considerably shorter (N—O distan-
ces 2.84 and 2.98 A) than those of NH, groups attached to
the calixarene (N—O distances 3.29 and 3.12 A).

The tetrameric assembly of 2a is thus stabilized by 24
NH:-O=C hydrogen bonds and four NH--m attractions. As
shown in Figure 2c, the cyclic array of the acetamide groups
is buried inside the assembly and is shielded by two p-tolyl
rings of the urea fragments. The shortest distances between
the acetamide methyl groups is 4.3 A, suggesting that the
tetramer formation must be critically dependent on the size
of the amide fragment.

No strong interactions between adjacent tetramers were
found. Because of the irregular shape of 2a,, the crystal con-
tains channels filled with disordered dichloromethane, ace-
tonitrile, and water molecules. Further disorder of many
pentyl chains causes the high final R values of the structure.

Solution studies: The 'H NMR spectrum of 2a in
[D4]DMSO or [Dglacetone contains two meta-coupled dou-
blets and two singlets for the calixarene aromatic protons
and two pairs of doublets for the methylene bridges. Two
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sets of signals in 2:1 ratio are observed for the C—H and
NH, protons of the p-tolyl urea fragments. The NH and
CH; protons of the acetamide group emerge as singlets at
0=9.47 and 2.21 ppm, respectively. Analogous spectra are
observed for 2b-f. Their NMR patterns are consistent with
a time-averaged C-symmetrical structure, as would be ex-
pected for the monomeric calix[4]arenes.

Twenty-one 'H NMR signals are observed for the NH and
the aromatic protons of 2a (Figure 4a,c) in nonpolar sol-
vents such as [D]chloroform or [Dg]benzene. The 2D COSY
and 'H-"C HMBC spectra show that eight meta-coupled
doublets (/ = 2.0 Hz) correspond to the aromatic protons
of calixarene rings while the protons of the tolyl fragments
emerge as six doublets with J 8.0 Hz. The remaining

seven singlets correspond to the NH protons of the urea and
acetamide residues. In the aliphatic region, eight doublets
are found for the methylene bridges, together with three sin-
glets in 1:1:1 ratio for the tolyl methyl protons (Figure 4b).
One sharp signal for the methyl protons of the acetamide
fragment is positioned at 6 =1.33 ppm, which is shifted up-
field by 0.89 ppm relative to the same signal in [Ds]DMSO.
We therefore observe a single calixarene conformation with
C, symmetry and stable on the NMR time scale.

In [D]chloroform, six ’N NMR doublets were identified
by 'H-"N HMBC spectroscopy for the nitrogen atoms of
the urea fragments, between 0=-279.3 and —274.0 ppm,
unlike in [D¢]DMSO, in which only two overlapping peaks
could be detected, at 6 =—274.8 and —275.1 ppm. The reso-
nances of N3, N4, and N7 show
cross-peaks to the '"H NMR sig-
nals of the ortho-protons of the
p-tolyl fragments, whereas N2,
N5, and N6 correlate with the
aromatic protons of the calixar-
ene  skeleton  (Figure 4c).
NOESY correlations allowed
assignment of the NH signals in
the same urea residue. The "N
NMR resonance for the acet-
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amide group (N1) appears at
0=-245.1 ppm and gives cross-
peaks to the '"H NMR signals of
the NH proton (H2), the
methyl group of the acetamide
fragment (H33), and one meta-
coupled doublet of aromatic
calixarene protons (H19). The
COSY spectrum shows that
H19 is coupled with H16. In
turn, H16 gives a NOESY
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Figure 4. '"H NMR spectrum of 2a in [D]chloroform (500 MHz, [2a] = 5 mm, 303 K): a) aromatic and NH sig-
nals, b) aliphatic signals, c) assignment of the peaks. The NOESY correlations H*-H", H*-H*, H'-H", H’-

H" are omitted for clarity.
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cross-peak to HS, and both HS
and H16 correlate with the clos-
est methylene protons of the
bridges. All the protons of the
aromatic rings, NH groups, and
methylene bridges were identi-
fied by this methodology. The
resonances of the methyl
groups of the p-tolyl fragments
were assigned through NOEs to
the ortho-protons, which were
in turn established from the
'H-"N HMBC and COSY
experiments. The intensities
of the NOEs between the aro-
matic protons of the calixarene
and the closest NH protons
reveal that the arrangement
of the urea and acetamide
groups of 2a in [D]chloroform
is the same as in the crystal
structure of 2a, (Figure2a,
Figure 4¢).

"H-""N HMBC
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Further evidence of the tetrameric structure of 2a in
[D]chloroform came from dynamic NOE studies.'”! The sat-
uration of one equatorial proton at different mixing times
results in a NOE with the corresponding axial proton.!®
The linear part of the NOE-buildup curves allowed the eval-
uation of cross-relaxation constants (o;5), which are related
to the molecular size. In the case of tert-butylcalix[4]arene
tetrapentyl ether, the NOEs are positive with o5 = 0.33 s ..
An analogous experiment with the dimer 1, (Y = CsHy;, R
= p-tolyl; see Figure 1) gives negative NOEs with o =
—0.70 57!, due to slower tumbling of the dimeric capsule 1.
The aggregate of acetamide 2a is about twice as large as 1,,
as indicated by oy = —1.70s7".

In principle, the observation of a single C,-symmetrical
calix[4]arene could be explained by a tetrameric assembly
with C,, D,, or S, symmetry. Intermolecular cross-peaks
found in the NOESY and ROESY spectra are entirely con-
sistent with a time-averaged S, symmetry as found in the X-
ray structure.

The nature of the urea fragments in 2a is not decisive for
its tetramerization, since compounds 2b and 2¢ also form
tetrameric assemblies in [D]chloroform. The tetramerization
of 2a—¢ also occurs in [D,]dichloromethane, [D4]benzene,
and [Dg]toluene. No other species can be observed by 'H
NMR down to concentrations of 1x107*m. No significant
changes in the NMR spectra were observed in chloroform
between 223 and 328 K and in [Dyy]xylene between 298 and
383 K, suggesting stability of the tetramer over this tempera-
ture range. Vapor pressure osmometry (VPO) of 2a in ben-
zene gave an aggregation number of 3.8, in reasonable
agreement with the existence of tetramers.

In contrast, the propionamide 2d, butyramide 2e, and p-
tolylamide 2 f exist in nonpolar solvents as ill-defined hydro-
gen-bonded aggregates with very broad NMR spectra. This
could be explained in terms of a steric effect of the larger
amide residues that should, in accordance with the crystal
structure of 2a,, prevent the formation of the tetrameric as-
sembly. Acetamides 2a—c¢ do not form heteroaggregates
when mixed with tetraurea 1 in [D]chloroform. Mixing of
2a and 2b in a 1:1 ratio results in a very complicated 'H
NMR spectrum, most probably reflecting the formation of
several heterotetramers in addition to the two homotetram-
ers.

Dimeric capsular complexes with tetraethylammonium salts:
When tetraethylammonium bromide or hexafluorophos-
phate (1.05 mol) is dissolved in a chloroform solution of 2a
(2 mol), drastic changes in the 'H NMR spectrum are ob-
served at 295K (Figure 5a). A broad resonance at
—1.7 ppm is observed for the methyl protons of the Et,N*
ion, a value typically found for the inclusion of Et,N* ions
in dimers of the tetraureas 1.'" The number of signals also
corresponds to a dimeric capsule, which is further confirmed
by heterodimerization experiments (see below). The ob-
served C, symmetry is due to the fast reorientation of the
hydrogen-bonded belt. The NMR pattern further manifests
the presence of only one of two possible regioisomeric cap-
sules. Analogous '"H NMR spectra were observed for the tri-
urea monoamides 2 c—e, indicating that the size of the amide
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Figure 5.'H NMR spectra of the dimeric capsule Et,N*-2a,PF;
(400 MHz, [D]chloroform): a) at 298 K, b) at 223 K. NH protons (marked
by e and m) are split, due to the slow reorientation of the hydrogen-
bonded belt; methyl protons of the encapsulated Et,N* (marked by *)
are split due to the slow tumbling of the guest around a pseudo-C, axis.

group has no influence on the formation of the dimeric cap-
sules with Et,N* ions, in contrast to the tetrameric assembly
described above.

The splitting of the signals for the aromatic and the NH
groups at 223 K (Figure 5b) demonstrates that the reorien-
tation of the hydrogen-bonded amide groups (Process ]I,
Figure 6) becomes slow on the NMR time scale. Coales-
cence temperature analysis gave a AG® value of

7 P
o, 0 C,

Procass | 0,‘7

ol

Process ||

psaudo-C;

Figure 6. Two different dynamic processes within dimeric capsules of cal-
ix[4]arene ureas with Et,N* as guest: reorientation of the hydrogen-
bonded belt (Process I) and hindered rotation of the encapsulated Et,N*
cation (Process II).
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11.2 kcalmol * (T, = 225 K), which is somewhat lower than
the barrier for Et,N*-1,,PF;~ (AG*™ = 11.9 kcalmol ' at 7, =
276 K). A decrease in the temperature to 223 K also slows
the tumbling of the encapsulated cation (ProcessII,
Figure 6). As a result, the broad resonance at 0 =—1.7 ppm
(Figure 5a) splits into two signals at 6=—0.2 and —3.4 ppm
(Figure 5b). The former corresponds to a pair of guest
methyl groups pointing towards the hydrogen-bonded belt,
while the latter represent a strong shielding of the methyl
groups pointing towards calixarene aromatic rings. Activa-
tion barriers of 11.5 kcalmol ' were found for both 2a and
2¢ at coalescence temperatures of 274 and 270 K, respec-
tively. This is significantly lower than for the complex Et,N*
1,PF; (AG* = 13.1 kcalmol™!, T, = 306 K), indicating a
higher mobility of the included guest within the capsule.

To find out which of the two regioisomeric dimers is ac-
tually formed we performed a series of NOESY, TOCSY,
and COSY experiments for EtN*t2a,Br~ and EtN7*
2d,-Br™ at room temperature. Four pairs of meta-coupled
doublets for the calixarene aromatic protons, three pairs of
ortho-coupled doublets for the tolyl aromatic protons, and
four pairs of doublets for the methylene bridges were as-
signed by the 2D COSY technique. Additional TOCSY
cross-peaks between the signals of NH and aromatic protons
were used to assign the amide and the three urea moieties.
The connectivity of these moieties within one calix[4]arene
molecule was then established from cross-relaxation
NOESY peaks. The four cross-peaks between residues A
and II establish the structure of the distal regioisomer
(Figure 7, left), while one cross-peak observed between A

AT

distal proximal

Figure 7. Schematic representation of the two regioisomeric dimers that
could be formed by 2. The aromatic rings bearing acetamide and the
three tolyl urea moieties are named A and I-III, respectively. The arrows
indicate NOESY correlations.

and III is possible for both. The absence of close contacts
between I and III, which would be characteristic for the
proximal regioisomer, further indicates the exclusive forma-
tion of the distal regioisomer.

Amides 2a and 2d form a single heterodimer Et,N*
-2a-2d-Br™ that coexists with the two homodimers. The
number of signals in the '"H NMR spectrum of the hetero-
dimer (Figure 8a) is in agreement with the expected C; sym-
metry. It seems plausible that the heterodimer has a distal
disposition of two different amide groups, similarly to the
homodimers. Monoacetamide 2a and tetraurea 1 also pro-
duce a heterodimer in the presence of Et,N*-Br . The

Chem. Eur. J. 2004, 10, 21382148 www.chemeurj.org
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Figure 8. Low-field window of the '"H NMR spectra (400 MHz, [D]chloro-
form, 298 K) of: a)2a + 2d + Et,N*-Br~, and b)2a + 1 + Et,N*-Br~
(peaks for the heterodimers are marked by filled circles (®); peaks for
the homodimers Et,;N*-1,-Br~ and Et,N*-2a,-Br~ are indicated by T and
A, respectively).

strongest hydrogen-bonded urea NH protons of the hetero-
dimer emerge as four singlets in 1:2:2:2 ratio (Figure 8b), in
accordance with the Ci-symmetrical structure.

Halide anions can be hydrogen-bonded to calix[4]arenes
bearing urea functions at the wide rim.'"® The formation of
Et,N*-2a,,Br~ is more favorable when stoichiometric
amounts of the guest are used. In the presence of a 1.5-fold
excess of Et;NT-Br~ some additional peaks appear (Fig-
ure 9a), corresponding to a monomeric complex with the
anion. The dimer can be completely “melted” by the pres-
ence of a large excess of tetrabutylammonium bromide,

b)

10.0 9.0 8.0 7.0 6.0 5.0
<~—— &/ppm

Figure 9. Section of the 'H NMR spectra (400 MHz, [D]chloroform,
298 K) of 2a in the presence of: a) a 1.5-fold excess of Et,N*-Br~ (signals
of monomeric anion complex are indicated with filled circles (®)), b) a
50-fold excess of Bu,N* Br~.

— 2143


www.chemeurj.org

FULL PAPER

A. Shivanyuk, I. Thondorf, V. B6hmer et al.

which cannot be included into the dimeric capsule (Fig-
ure 9b).1")

Computational Studies

Energetic characterization: Several model assemblies of 2a
and 2d were constructed and submitted to a MD simulation
in chloroform boxes: the tetrameric complex and dimeric
capsules with the amide residues in both distal and proximal
orientations, including either one benzene molecule or one
tetraethylammonium cation.

The parent tetraurea dimer 1,, when enclosing suitable
neutral guests, is stabilized by a seam of 16 hydrogen bonds,
which corresponds to eight hydrogen bonds per monomer.
In the capsules of amides 2 this number is reduced to a max-
imum of seven hydrogen bonds. Molecular dynamics (MD)
simulations of C¢Hg2a, gave an average of 6.65 hydrogen
bonds per subunit both for the distal and for the proximal
isomers.

The crystal structure of 2a, reveals 24 intermolecular hy-
drogen bonds, of which, on average, 22.8 are present during
the MD simulation, corresponding to 5.7 hydrogen bonds
per calixarene monomer. Thus, if all other interactions are
neglected and the energy gain associated with each hydro-
gen bond is assumed to be in the range of about 8.3-
8.9 kcalmol !, the monoacetamide capsules should be con-
siderably stabilized over the tetramer. However, the simula-
tions predict the tetramer to be more stable by about AE;,
= 15 kcalmol ™! per subunit (Table 1). The complexation en-
ergies AE,.x, Which also include the energy necessary for
the reorganization of the molecular structure upon forma-
tion of the supramolecular assembly, favor the tetramer by
3.4 kcalmol . Since hydrogen bonding alone cannot account
for the stabilization of the tetramer, there must be other at-
tractive forces between the monomers in the very compact
assembly. The MD trajectories revealed numerous CH:--m,
NH-m, and 77t interactions, the contributions of which to
the stabilization of the tetramer are difficult to quantify. Ap-
parently, the combination of these interactions with hydro-
gen bonds make the tetramer more advantageous than the
dimer.

The interaction of tetraethylammonium tetrafluoroborate
with 2a drives the equilibrium from tetrameric assemblies to
dimeric capsules (AEompex~ 15 kcalmol ). Around 3.6 and
4.3 hydrogen bonds per monomer are predicted in the proxi-
mal and distal regioisomers of 2a,, respectively, due to the
inclusion of the large Et,N*. The weaker hydrogen bonding
is compensated for by strong host—guest interactions
(AE;pera =65 kcalmol ™! per capsule). The calculated ener-
gies of proximal and distal isomers of Et,N*-2a,-BF,  are
the same within their fluctuations and therefore do not ex-
plain the higher stability of the distal isomer observed in sol-
ution.

For 2d, the simulations not unexpectedly predict that the
two isomeric Et,N*-2d,-BF,” complexes should be energeti-
cally favored over the tetramer by approx. 20 kcalmol * per
subunit. According to the simulations, tetramers 2d, and the
C¢H¢2d, dimers should coexist in solution in the absence of
the ammonium salt (AE~1 kcalmol™'; cf. Table 1).

Geometric characterization: The MD simulations predict
that the solution structure of 2a, should be very similar to
the crystal structure (Table 2, Figure 2). Superposition of the
crystal structure and the minimized average structure of 2a,
gives a RMS value of 0.39 A. With a hydrogen bond thresh-
old of 2.7 A for the D—H--A distance and a minimum of
135° for the D—H--A angle, an average of 22.8 hydrogen
bonds is found during the simulation of 2a, (Table 3). The

Table 2. Geometric parameters of tetrameric assemblies.

2a, 2a, (X-ray) 2d,
centers of mass (adjacent, [A]) 8.0 7.9 8.7
centers of mass (diagonal, [A]) 10.9 10.9 11.9
amide carbonyl carbon distance 42 4.1 51
(adjacent, [A])
amide carbonyl carbon distance 5.9 5.7 6.7
(diagonal, [A])
methylene planes (adjacent, [°]) 55 56 72
methylene planes (diagonal, [°]) 81 83 66
angle between aryl planes A-II ([°]) 25 25 18
angle between aryl planes I-III ([°]) 110 108 114
RMS® ([A]) 0.43 0.0 1.55

[a] Hydrogens, tolyl, and ether group atoms are neglected.

Table 1. Energetic analysis of tetrameric and dimeric assemblies. Fluctuations are given in parenthesis.

AE gompier™ AE, [ AE;n ol Average number of
[kcalmol™] [kcalmol™] [kcalmol™] hydrogen bonds
2a, —64.1 (4.6) ~69.7 (1.5) ~69.7 (1.5) 2.8
2d, ~53.9 (4.2) ~62.0 (1.7) ~62.0 (1.7) 2.2
C,Hy2a, distal isomer ~60.7 (6.1) ~543 (1.8) —65.1 (1.9) 133
C¢Hg2a, proximal isomer —60.3 (6.3) —54.0 (1.7) —64.9 (1.8) 13.3
Et,N*+2a,BF," distal isomer ~79.4 (6.6) ~37.0 (1.7) ~121.2 (2.4) 7.4
Et,N*-2a,-BF,” proximal isomer —80.0 (6.9) —35.8 (1.8) —125.3 (2.2) 7.2
C.Hy2d, distal isomer ~52.6 (6.6) ~51.2 (1.6) ~622 (1.6) 127
C¢Hg2d, proximal isomer —53.2(6.2) —50.9 (1.8) —61.9 (1.8) 12.8
Et,N*+2d,-BF," distal isomer ~73.0 (6.5) ~40.4 (1.8) ~122.8 (2.3) 8.8
Et,N*-2d,-BF,” proximal isomer —77.3 (6.1) —38.5 (1.8) —1253 (2.3) 7.4

[a] AE ompiex = complexation energy per subunit = (Eu—Egues— 1 Esupunie)/; B = number of calixarene subunits, E,., = 0 in the case of the tetramers;
[b] AE; rae = interaction energy per subunit = 1/nAE;pcion (calixarene--calixarene); [c] AEiy et o1 = iNteraction energy per subunit, also including

host—guest interactions (and anion interaction where applicable).
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Table 3. Hydrogen bond analysis for the tetrameric complexes (for atom numbering see Figure 3). Values are averages over all symmetry-equivalent hy-
drogen bonds. Values are indicated by an asterisk if the hydrogen bond criterion is not fulfilled.

Hydrogen bond A-D distance [A] A-H-D distance [A] A-+H-D angle [°] Occurrence[% ]

(A-~-H-D) 2a, X-ray 2d, 2a, X-ray 2d, 2a, X-ray 2d, 2a, 2d,
0105-N304 2.92 2.95 3.03 2.05 223 2.12 145 140 151 77 92
0105-N305 3.28 3.66 2.93 2.48 3.16* 2.00 137 118* 155 51 94
0105-N301 3.08 2.95 4.96 2.20 2.14 4.30%* 148 154 131* 79 0

0307-N206 3.22 3.29 3.05 2.39 2.56 2.21 141 138 141 67 72
0307-N207 2.87 2.84 2.87 1.92 1.98 1.94 159 165 154 97 95
0208-N306 3.02 3.12 3.01 2.12 2.38 2.09 150 142 152 85 91
0208-N307 3.12 2.98 3.04 222 221 2.11 150 146 154 86 95
N301-N304 3.58 3.51 4.02 2.80% 2.83* 3.13% 136 135% 151 26 9

hydrogen bonding pattern is nearly unaltered throughout
the simulations, but remarkably, four NH hydrogens toggle
between a N—H--x interaction as found in the X-ray struc-
ture and a hydrogen bond to the acetamide carbonyls, with
a relative occupancy of about 50%. In general, the geome-
try of the hydrogen bonds in the simulated structure corre-
lates well with the crystal structure (Table 3). On average,
the D—H-A distances and the D—H--A angles differ by
only 0.16 A and 8°, respectively.

For 2d, the picture clearly changes. The shortest distance
between the amide carbon atoms increases from 4.2 A in
the optimized structure of 2a, to 5.1 A in 2d,, due to the ad-
ditional methylene group, in the core of the assembly. This
congestion impacts on all other structural parameters (see
Table 2) including the hydrogen bonding motif. Although
the cyclic hydrogen-bonded array of the amide residues dis-
appears, the average number of hydrogen bonds is only
slightly decreased (22.2 in 2d, versus 22.8 in 2a,), since
three-centered hydrogen bonds to the propionamide carbon-
yl occur instead. Nearly all other hydrogen bonds are stron-
ger and occur more frequently in 2d, (Table 3). Thus, as
judged from the hydrogen bonding pattern observed in the
simulations of 2d, and from the energetic analysis (vide
supra), it is difficult to explain why the tetrameric assembly
has not been observed experimentally. It is, however, inter-
esting to note that all the polar groups in 2a, are buried
below the non-polar surface (Figure 10, left) whereas the
congestion in the core of 2d, leads to the exposure of polar

2a, 2d,

Figure 10. Lipophilic potentials of the optimized tetrameric assemblies.
Blue and brown zones mark hydrophilic and lipophilic regions, respec-
tively.
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groups to the assembly surface (Figure 10, right). This
makes the whole complex susceptible to aggregation in non-
polar solvents, as observed in [D]chloroform.

Conclusion

Calix[4]arenes substituted at the wide rim by three arylurea
functions and one amide group are readily available. They
present a striking example of how apparently small changes
in the size and the hydrogen-bonding ability of functional
groups in single molecules may cause drastic changes in stoi-
chiometry, size, and properties of the emergent supramolec-
ular assemblies and of how these assemblies can be trig-
gered by suitable guests and by the solvent. Triurea monoa-
cetamides, like the analogous tetraureas, exist as monomers
in polar solvents. In apolar solvents they form stable tetra-
meric assemblies held together by a novel pattern or motif
of hydrogen bonding, also found in the crystalline state. The
high stabilities of these tetramers in solution are due to co-
operation of multiple NH--O=C hydrogen bonds in combi-
nation with weaker NH--wt, CH--m, and m---m attractions.
Even a slight increase in the size of the amide group leads
to ill-defined assemblies, while the addition of tetraethylam-
monium cations, known as excellent guests for tetraurea
capsules, induces the formation of dimeric capsules irrespec-
tive of the size of the amide group.

Experimental Section

Reagents and methods: The 1D 'H and 2D COSY, NOESY, ROESY,
TOCSY and 'H-"N HMBC NMR spectra were recorded with Bruker
Avance DRX 500 (500 MHz) and DRX 400 (400 MHz), Bruker DPX 250
(250 MHz), and Bruker 200 (200 MHz) spectrometers with the solvent
signals as internal reference. FD mass spectra were recorded with a Fin-
nigan MAT 90 instrument (5kV/10 mAmin™'). Melting points were de-
termined with a MEL TEMP 2 capillary melting point apparatus and are
uncorrected. Compound 4 was prepared by a known procedure.!*! Guests
were purchased from Aldrich and were used without further purification.

General procedure for the synthesis of 5a—c: The isocyanate (2.5 mmol)
was added in one portion under an argon atmosphere to a stirred solu-
tion of the triamine 4 (0.5 mmol) in dry THF (5mL) and the reaction
mixture was stirred at room temperature overnight. Hexane was added,
and the precipitate was filtered off and dried in vacuo to give a white
solid, which was further purified either by recrystallization from CHCIy/
methanol or by column chromatography (ethyl acetate).
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Tri-tolylurea mono-Boc-calix[4]arene 5a: Yield 79 %; m.p.: 115-116°C;
'H NMR (400 MHz, [D,]DMSO): 6 = 8.98 (s, 1H; NH), 831 (s, 2H;
NH), 8.10 (s, 2H; NH), 7.98 (s, 2H; NH), 7.28 (d, %/ = 8.5Hz, 2H;
ArH), 7.14 (d, %] = 8.24 Hz, 4H; ArH), 7.04-6.97 (m, 10H; ArH), 6.56
(s, 2H; ArH), 6.51 (s, 2H; ArH), 4.30 (d, %/ = 12.6 Hz, 2H; ArCH,Ar),
429 (d, ’J = 123 Hz, 2H; ArCH,Ar), 3.87 (brm, 4H; ArOCH,), 3.68 (t,
J = 6.4 Hz, 4H; ArOCH,), 3.08 (d, %/ = 12.9 Hz, 2H; ArCH,Ar), 3.02
(d, ¥ = 12.5Hz, 2H; ArCH,Ar), 2.17 (s, 3H; ArCH;), 2.19 (s, 6H;
ArCHj;), 1.96-1.81 (m, 8H; CH,), 1.52-1.21 (m, 25H; CH, and C(CH,);),
0.93-0.90 ppm (m, 12H; CH;); FD-MS: m/z (%): 1264.2 (100) [M]*.
Tri-methoxyphenylurea mono-Boc-calix[4]arene 5b: Yield 79 %; m.p.:
150-151°C; 'H NMR (200 MHz, [D;]DMSO): 6 = 8.83 (s, 1H; NH),
8.15 (s, 4H; NH), 8.08 (s, 2H; NH), 7.29-7.21 (m, 6H; ArH), 6.82-6.74
(m, 12H; ArH), 597 (s, 2H; ArH), 432 (d, ¥/ = 132Hz, 2H;
ArCH,Ar), 423 (d, %/ = 128 Hz, 2H; ArCH,Ar), 3.80-374 (m, 8H;
ArOCH,), 3.68 (s, 6H; ArOCH;), 3.67 (s, 3H; ArOCH;), 3.07 (d, %] =
13.5 Hz, 2H; ArCH,Ar), 2.93 (d, ¥/ = 128 Hz, 2H; ArCH,Ar), 1.88
(brs, 8H; CH,), 1.54 (s, 9H; C(CH,);), 1.36 (br s, 16H; CH,), 0.95—
0.88 ppm (m, 12H; CH;); FD-MS: m/z (%): 1312.3 (100) [M]*.
Tri-hexylurea mono-Boc-calix[4]arene Sc: Yield 80%; m.p.: 98-100°C;
'H NMR (400 MHz, [Ds]DMSO): 6 = 8.84 (s, 1H; NH), 7.98 (s, 1H;
NH), 7.75 (s, 2H; NH), 6.90 (s, 2H; ArH), 6.80 (s, 2H; ArH), 6.49 (s,
2H; ArH), 6.46 (s, 2H; ArH), 5.81 (t, °J = 5.8 Hz, 1H; NH), 5.66 (t, °J
= 5.5Hz 2H; NH), 424 (d, %/ = 12.2 Hz, 4H; ArCH,Ar), 3.82 (brs, 4H;
ArOCH,), 3.65 (t, *] = 6.6 Hz, 4H; ArOCH,), 3.01-2.89 (m, 10H; NCH,
and ArCH,Ar), 1.88-1.78 (m, 8H; CH,), 1.39 (s, 9H; C(CH,);), 1.37-1.19
(m, 28H; CH,), 0.88 (t, ] = 6.6 Hz, 12H; CH;), 0.81 ppm (m, 9H;
CH;); FD-MS: m/z (%): 1245.5 (100) [M]*.

Triurea monoamine calix[4]arenes 6a—c: TFA (20 mL) was added in one
portion to a solution of Sa—¢ (0.3 mmol) in CH,Cl, (20 mL). The reaction
mixture was stirred at room temperature for 2h and was then diluted
with toluene (50 mL). The solvent was evaporated to dryness in vacuo to
give the crude product as a yellowish powder. Precipitation from CHCly/
hexane gave the desired amines 6a—c as their triflate salts.

Tri-tolylurea monoamine calix[4]arene 6a: Yield 98 %; m.p.>300°C; 'H
NMR (400 MHz, [D4]DMSO): 6 = 9.27 (brs, 2H; ArNH,), 8.54 (s, 2H;
NH), 8.47 (s, 2H; NH), 8.34 (s, 1H; NH), 8.18 (s, 1 H; NH), 7.28 (d, *J =
82 Hz, 4H; ArH), 7.22 (d, '/ = 82 Hz, 2H; ArH), 7.14 (s, 2H; ArH),
7.04-7.00 (m, 6H; ArH), 6.94 (s, 2H; ArH), 6.63 (s, 2H; ArH), 6.53 (s,
2H; ArH), 4.35 (d, %/ = 13.5 Hz, 2H; ArCH,Ar), 431 (d, %/ = 13.5 Hz,
2H; ArCH,Ar), 3.94-3.84 (m, 4H; ArOCH,), 3.75 (t, °J = 6.7 Hz, 2H;
ArOCH,), 3.70 (t, ] = 6.7 Hz, 2H; ArOCH,), 3.19 (d, %/ = 12.9 Hz,
2H; ArCH,Ar), 3.11 (d, ¥ = 132Hz, 2H; ArCH,Ar), 2.21 (s, 6H;
ArCH;), 2.19 (s, 3H; ArCH;), 1.95-1.85 (m, 8H; CH,), 1.43-1.30 (m,
16H; CH,), 0.92 ppm (t, °J = 6.7 Hz, 12H; CH;); FD-MS: m/z (%):
1161.5 (100) [M]*.

Tri-methoxyphenylurea monoamine calix[4]arene 6b: Yield 88 %; m.p.>
300°C; '"H NMR (200 MHz, [Dg]DMSO): 6 = 9.31 (brs, 2H; ArNH,),
8.20 (s, 4H; NH), 8.10 (s, 2H; NH), 7.27 (d, >J = 8.7 Hz, 2H; ArH), 7.22
(d,*J = 8.8 Hz, 4H; ArH), 6.82-6.74 (m, 12H; ArH), 5.97 (s, 2H; ArH),
431 (d, ¥ = 12.5Hz, 2H; ArCH,Ar), 425 (d, ¥/ = 12.8Hz, 2H;
ArCH,Ar), 3.80-374 (m, 8H; ArOCH,), 3.68 (s, 6H; ArOCH;), 3.67 (s,
3H; ArOCHs;), 3.07 (d, % = 13.5Hz, 2H; ArCH,Ar), 2.93 (d, ¥/ =
12.8 Hz, 2H; ArCH,Ar), 1.88 (brs, 8H; CH,), 1.36 (brs, 16H; CH,),
0.91 ppm (t, ’7 = 6.5Hz, 12H; CH;); FD-MS: m/z (%): 1209.4 (100)
[M]*.

Tri-hexylurea monoamine calix[4]arene 6¢: Yield 99 %, mp>300°C; 'H
NMR (400 MHz, [D4{]DMSO): 6 = 9.26 (brs, 2H; NH,), 8.38 (s, 2H;
NH), 8.06 (s, 1H; NH), 7.33 (s, 2H; ArH), 7.14 (s, 2H; ArH), 6.69 (s,
2H; ArH), 6.62 (s, 2H; ArH), 6.25 (t,°J = 5.1 Hz, 2H; NH), 6.17 (t, *J
= 5.0Hz, 1H; NH), 4.55 (d, %/ = 12.8 Hz, 2H; ArCH,Ar), 4.50 (d, %] =
12.5Hz, 2H; ArCH,Ar), 4.18-4.06 (m, 4H; ArOCH,), 3.95 (t, °J =
6.2 Hz, 2H; ArOCH,), 3.87 (t, °J = 6.0 Hz, 2H; ArOCH,), 3.36 (d, %] =
12.5 Hz, 2H; ArCH,Ar), 3.29-3.17 (m, 8H; ArCH,Ar and NCH,), 2.19-
2.05 (m, 6H; CH,), 2.00-1.97 (m, 2H; CH,), 1.69-1.58 (m, 12H; CH,),
1.50 (brs, 16 H; CH,), 1.15 (t, °J = 6.3 Hz, 12H; CH;), 1.12-1.07 ppm (m,
9H; CH,); FD-MS: m/z (%): 1143.8 (100) [M]™.

Tri-tolylurea monoacetamide calix[4]arene 2a: NEt; (0.5 mL) was added
in one portion to a solution of the monoamine 6a (200 mg, 0.17 mmol) in
Ac,0 (20 mL), and the reaction mixture was stirred at room temperature
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overnight. The precipitate formed was filtered off, washed with water
and methanol, and dried in vacuo. Compound 2a: yield 78 %; white
solid. The spectra were as described in reference [13].

Tri-methoxyphenylurea monoacetamide calix[4]arene 2b: This com-
pound was prepared in the same way as 2a, from monoamine 6b, Ac,O,
and NEt;. Compound 2b: yield 90 %; yellowish solid; m.p.: 187-189°C;
'"H NMR (200 MHz, [D]DMSO): 6 = 9.46 (s, 1H; NH), 8.19 (s, 1H;
NH), 8.15 (s, 2H; NH), 8.10 (s, 2H; NH), 8.06 (s, 1H; NH), 7.29-7.21 (m,
6H; ArH), 6.94 (s, 2H; ArH), 6.82-6.76 (m, 12H; ArH), 431 (d, %/ =
12.5Hz, 4H; ArCH,Ar), 3.79 (t, °J = 7.1 Hz, 8H; ArOCH,), 3.68 (s,
9H; ArOCH,), 3.07 (d, ¥ = 12.8 Hz, 4H; ArCH,Ar), 2.07 (s, 3H;
COCHs;), 1.98-1.77 (m, 8H; CH,), 1.48-1.28 (m, 16 H; CH,), 0.92 ppm (t,
] = 6.5 Hz, 12H; CH,); FD-MS: m/z (%): 1255.4 (100) [M]*.
Tri-hexylurea monoacetamide calix[4]arene 2c¢: This compound was pre-
pared in the same way as 2a, from monoamine 6¢, Ac,O, and NEt,.
Compound 2¢: yield 75%; white powder; m.p.: 157-159°C; 'H NMR
(400 MHz, [D4]DMSO): 6 = 9.51 (s, 1H; NH), 8.36 (s, 2H; NH), 8.10 (s,
1H; NH), 7.32 (s, 2H; ArH), 7.15 (s, 2H; ArH), 6.71 (s, 2H; ArH), 6.60
(s, 2H; ArH), 6.24 (t, J = 55Hz, 2H; NH), 6.17 (t, *J = 52 Hz, 1H;
NH), 4.53 (d, ¥/ = 13.5Hz, 2H; ArCH,Ar), 447 (d, %/ = 128 Hz, 2H;
ArCH,Ar), 4.22-4.10 (m, 4H; ArOCH,), 3.90 (t, *J = 53 Hz, 2H;
ArOCH,), 3.87 (t, %/ = 6.2Hz, 2H; ArOCH,), 3.37 (d, %/ = 13.5Hz,
2H; ArCH,Ar), 3.27-3.14 (m, 8H; ArCH,Ar and NCH,), 2.17 (brs, 6H;
CH,), 1.99-1.95 (m, 2H; CH,), 1.69-1.58 (m, 12H; CH,), 1.50 (brs, 16H;
CH,), 1.17 (t, °J = 6.2 Hz, 12H; CH,), 1.08 ppm (brs, 9H; CH,); FD-
MS: m/z (%): 1187.6 (100) [M]*.

Tri-tolylurea monopropionamide calix[4]arene 2d: Propionyl chloride
(0.5-1 mL) was added to a vigorously stirred suspension of monoamine
2a (200 mg, 0.17 mmol) in EtOAc (20 mL) and Na,CO; (1N, 40 mL). The
mixture was intensively stirred at room temperature for 2 h (reaction
monitored by TLC). The organic layer was separated, and washed with
Na,CO; (1N, 50 mL) and water (2x50 mL). The solvent was removed in
vacuo, and the residue was dissolved in CHCl; and reprecipitated with
hexane to give a white solid. Compound 2e: yield 85%; m.p.: 185-
187°C; 'H NMR (400 MHz, [D;]DMSO): 6 = 9.30 (s, 1H; NH), 8.18 (s,
1H; NH), 8.14 (s, 2H; NH), 8.05 (s, 1H; NH), 8.02 (s, 2H; NH), 7.14 (d,
3] = 82Hz, 2H; ArH), 7.09 (d, /] = 8.4 Hz, 4H; ArH), 6.92-6.89 (m,
6H; ArH), 6.71 (s, 4H; ArH), 6.64 (s, 2H; ArH), 6.59 (s, 2H; ArH), 4.20
(d, %/ = 12.5Hz, 4H; ArCH,Ar), 3.72-3.66 (m, 8H; ArOCH,), 2.98 (d,
2] = 12.5Hz, 2H; ArCH,Ar), 2.95 (d, % = 12.5Hz, 2H; ArCH,Ar),
2.09 (s, 9H; ArCHj), 1.78 (brs, 8H; CH,), 1.28-1.26 (m, 16 H; CH,), 1.02
(t, ] = 6.2 Hz, 3H; CH;), 0.88-0.81 ppm (m, 15H; CH; and CH,); FD-
MS: m/z (%): 1221.9 (100) [M]*.

Tri-tolylurea monovaleramide calix[4]arene 2e: This compound was pre-
pared in the same way as 2d, from monoamine 6a (200 mg, 0.17 mmol)
and valeroyl chloride (0.5-1 mL). Yield 80 %; white powder: m.p.: 196—
198°C; 'H NMR (400 MHz, [D;]DMSO): 6 = 9.42 (s, 1H; NH), 8.26 (s,
1H; NH), 8.19 (s, 2H; NH), 8.14 (s, 1 H; NH), 8.10 (s, 2H; NH), 7.26 (d,
3] = 82Hz, 2H; ArH), 7.21 (d, /] = 8.2 Hz, 4H; ArH), 7.04-7.01 (m,
6H; ArH), 6.83 (s, 4H; ArH), 6.76 (s, 2H; ArH), 6.71 (s, 2H; ArH), 4.32
(d, ¥ = 12.5Hz, 4H; ArCH,Ar), 3.84-3.77 (m, 8H), 3.10 (d, &/ =
12.5 Hz, 2H; ArCH,Ar), 3.07 (d, %/ = 12.5 Hz, 2H; ArCH,Ar), 2.21 (s,
9H; ArCH,), 2.19-2.16 (m, 2H; COCH,), 1.89 (m, 8H; CH,), 1.51-1.43
(m, 2H; CH,), 1,39-1.38 (m, 16 H; CH,), 1.25-1.19 (m, 2H; CH,), 0.94-
0.91 (m, 12H; CHy), 0.82 ppm (t, °J = 6.2 Hz, 3H; CH;); FD-MS: m/z
(%): 1250.0 (100) [M]*.

Tri-tolylurea mono-p-methylbenzamide calix[4]arene 2 f: This compound
was prepared in the same way as 2d, from monoamine 6a and p-methyl-
benzoyl chloride. Yield 86%; Brown solid: m.p.: 260-261°C; 'H NMR
(400 MHz, [D¢]DMSO): 6 = 9.86 (s, 1H; NH), 8.23 (s, 1 H; NH), 8.20 (s,
1H; NH), 8.16 (s, 2H; NH), 8.06 (s, 2H; NH), 7.78 (d, */ = 7.9 Hz, 2H;
ArH), 729 (s, 2H; ArH), 7.23-7.15 (m, 8H; ArH), 7.03-6.97 (m, 6H;
ArH), 6.89 (s, 2H; ArH), 6.71 (d, *J = 2.0 Hz, 2H; ArH), 6.66 (d, *J =
2.1 Hz, 2H; ArH), 4.34 (d, %/ = 13.2 Hz, 2H; ArCH,Ar), 430 (d, J =
13.5Hz, 2H; ArCH,Ar), 3.89-3.83 (m, 4H; ArOCH,), 3.76 (t, '/ =
7.0Hz, 4H; ArOCH,), 3.12-3.08 (m, 4H; ArCH,Ar), 230 (s, 3H;
ArCHj;), 2.20 (s, 3H; ArCH;), 2.18 (s, 6H; ArCHj;), 1.96-1.84 (m, 8H;
CH,), 1.39-1.37 (m, 16H; CH,), 0.92 ppm (t, '/ = 6.2 Hz, 12H; CH,);
FD-MS: m/z (%): 1283.2 (100) [M]*.
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Single-crystal X-ray analysis: Measurements were made at 173.0(2) K
with an Enraf Nonius Kappa CCD diffractometer, Moy, radiation, A =
0.71073 A. The data were processed with Denzo-SMN v 0.93.0.%%) The
structures were solved in the P1 space group by use of shake and bake
methods as implemented in the XM program.?!! The transformation to
the P1 space group was performed by use of the XP program,? refine-
ments on F? by SHELXL-97. These procedures were run under Wingx
program® Four calixarene molecules constituting the tetramer and sol-
vent molecules were refined in separate blocks. The hydrogen atoms
were normally calculated to their idealized positions with isotropic tem-
perature factors and refined as riding atoms. Disordered solvent mole-
cules and parts of pendant alkyl chains were treated isotropically in some
cases. No attempts were made to localize hydrogen atoms in the disor-
dered parts of the structure. Geometrical restraints were imposed on dis-
ordered parts of the structures to keep the interatomic distances in rea-
sonable ranges. The intense peaks which could not be recombined to ace-
tonitrile or dichloromethane molecules were treated as oxygen atoms
(possibly water).

CCDC 149022—-CCDC-149029 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Center, 12 Union Road, Cambridge CB21EZ, UK; Fax:
(4+44)1223-336033; or deposit@ccdc.cam.ac.uk).

Compound 2a,: triclinic PI, a = 21.4219(3), b = 25.7044(3), ¢ =
29.9918(3) A, a = 87.305(2), B = 86.041(2), y = 79.250(2)°, Z = 2,
V = 161762(4) A>, p = 111 gem™, 4 = 0.169 cm ™!, 26,,,, = 50.1°, R1 =
0.155, wR2 = 0.43 (for 30545 reflections I>20(l)), Rl = 0.2376, wR2 =
0.5029 (for 56601 independent reflections), 3621 parameters, S = 1.098,
Ap (max/min) = 1.20/0.92 eA 3. The strongest residual peaks are located
near disordered solvent molecules.

Dynamic NOE studies: Under certain conditions NOE is proportional to
mixing time. The cross-relaxation constant (o) is the slope of this de-
pendence. It is defined by the following formula

22,4
_ (B \ Y 67, 6
O = (E) 10 [ 1+ 402t —rc] 1s M

where 1. = correlation rotational time, ri5 is the distance between pro-
tons, T is absolute temperature, ® and y are the Larmour frequency and
the gyromagnetic ratio for 'H, y, = magnetic constant of a vacuum, and
h = Plank’s constant divided by 27 (see reference [15,16]). For the sim-
plest case of a spherical molecule (aggregate), correlation time is the
time necessary for a molecule (aggregate) to tumble through an angle of
one radian. In accordance with Stokes’ law 1, = 4mr'n/3kT, where 1 is
the viscosity of the solvent, k is Boltzmann’s constant, and r is the radius
of the molecule or aggregate.

VPO studies: A KNAUER K-7000 vapor pressure osmometer was used
to carry out VPO measurements on 2a in benzene solution at 303 K. The
tetradecyl ether of tetra-tert-butylcalix[4]arene and the tetratolyl urea of
the calix[4]arene with four decyl groups at the narrow rim (1: R = p-
tolyl, Y = C;oH,,)*! were used for calibration of the instrument.

Methods of calculations: All calculations were performed by employment
of version 6 of the aMBER™ program suite. Initial geometries were ob-
tained from the crystal structure of a dimeric calixarene capsule (CSD-re-
fcode TIDWEI) by modification by sysyL?” and from the raw coordi-
nates (before final refinement) of the X-ray structure of the tetrameric
assembly. To save calculation time methyl or ethyl groups were used in-
stead of the original pentyl moieties. The starting structure of the tetra-
meric assembly was generated from these data by turning the pentyl side
chains R into ethyl residues. RESP charges®! were assigned, and the
whole assembly was solvated in a chloroform box (14 A solvent layer
thickness on each side). Prior to each simulation, 5000 minimization
steps followed by 30 ps belly dynamics and 100 ps equilibration at 300 K
and 1 bar were carried out. During 9 ns of simulation time with a time
step of 1 fs, the ensembles were kept at 1 bar and 300 K by use of the Be-
rendsen algorithm,” an experimental compressibility of 100x 10~ bar™!,
1.0 ps pressure coupling time, and 0.5 ps temperature coupling time.
Bonds containing hydrogen were constrained to the equilibrium bond
length by use of the SHAKE algorithm. Snapshots were recorded every
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2000 steps. The C,,~N rotational barrier was set to 2.3 kcal mol™" to re-
produce the value obtained by 6-31G**/MP2 calculations.

Analysis of hydrogen bonds was conducted by measurement of distances
and angles between potential donor and acceptor sites for each snapshot
of the trajectory followed by statistical summarization.
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