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The complexation of various ammonium ions with a
resorcarene host was evaluated by ab initio calculations.
The approximations of the binding locations and
the interaction energies for each guest are reported. The
supramolecular complex formation also affects the
conformation of the resorcarene host.
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INTRODUCTION

Host–guest chemistry is a rapidly developing area
of chemistry. The one-pot synthesizable resor-
carenes are a relatively new class of artificial host
compounds [1,2] that have been described as hosts
for ammonium ions [3–9] and especially for
acetylcholine [10–13]. The C4 crown conformation
with a homodirectional circular array of intramole-
cular hydrogen bonds between the OH-groups is
the most stable conformation [14] and was used in
our complexation calculations. Methylammonium
ions were used as guests, and other ammonium
ions were used to produce supplementary data.
These particular ions were chosen because of their
previous use in our mass spectrometric experiments
[8]. Complex formation occurs mainly in the cavity
of the host resorcarene: the upper rim of the cavity
is at the level of the resorcinol OH-hydrogens and
the lower rim is at the level of the resorcinol
hydrogens pointing ‘down’. The tetraethyl resor-
carene and the guests under investigation are
presented in Fig. 1.

EXPERIMENTAL

The starting geometry of the host resorcarene was the
most stable conformation, the C4 crown, observed in
our earlier study [14]. The ammonium guests were
positioned randomly inside the cavity of tetraethyl
resorcarene and the whole host-guest system was
fully preoptimized several times. The final optimiza-
tion calculations were made to the starting geo-
metries, producing promising preliminary results.
In addition, some single-point energy calculations
were undertaken for verification of other systems.
Thus, the final geometries reported are assumed to
have a global minimum energy configuration. It is
unlikely that significantly more stable structures
occur when the positioning of the guests or the
directions of the H-bonds of the resorcarene host are
altered. Additional density functional theory (DFT)
calculations were made for comparison of binding
energies by two different methods.

Preoptimization calculations were performed with
Gaussian 98 [15] using the Hartree–Fock (HF)
method with generic basis sets 6-31Gþþ (d,p) for
the eight resorcinol OH-groups and 3-21G for the
rest of the molecular skeleton and the ammonium
guests. Despite the limitations of the relatively small
basis set 3-21G, it is thought to account reasonably for
the structures [16]. Final optimization calculations
were performed with Gaussian 03 [17] using the HF
method with generic basis sets 6-31Gþþ (d,p) for the
eight resorcinol OH-groups and 6-31G(d) for the rest
of the molecular skeleton and the ammonium guests.
DFT calculations were performed as single-point
energy calculations with B3LYP/6-311Gþþ (d,p) to
the optimized structures from HF calculations.
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The calculations provided: (a) the conformational
change of the host resorcarene, (b) the relative
energies of the interactions, and (c) the approxi-
mation of the most favorable docking location for
each ammonium ion. The counterpoise corrected [18]
interaction energies should be considered as
approximate because of the lack of electron
correlation effects.

RESULTS AND DISCUSSION

In every case, the complexation of the guest affected
the molecular skeleton of the host resorcarene,
causing a conformational change from C4 crown to
C2 boat. These conformational changes and the
relative interaction energies are presented in Table I.
The interaction energies of the guest are the sum of
several possible noncovalent interactions, for ex-
ample electrostatic interactions, H-bonding and
interactions with p-clouds.

The most favorable location for the monomethyl-
ammonium ion is in the center of the cavity.
The orientation of the guest ion is vertical, with the
ammonium end pointing down in the cavity. The
complexation induces a conformational change in
the host resorcarene, causing the complex formed to
appear as a boat with a tiny mast, as depicted in
Fig. 2. The binding energy of the methylammonium
ion is strongest in this series (Table I).

On the contrary, the dimethylammonium ion is
located approximately at the level of the upper rim

such that the methyl group is in the middle of the
cavity and the ammonium is near the wall of the
cavity. The two ammonium hydrogens are pointing
towards two resorcinol rings and the other methyl
group is pointing up from the cavity (Fig. 2). This
complexation induces a minor conformational
change in the host resorcarene.

The complex with the trimethylammonium ion is
unlike all other methylammonium complexes. The
guest is not located in the middle of the cavity but
near to the cavity wall in such a way that one
ammonium hydrogen is pointing directly towards
the aromatic ring. This particular location causes
only a minor conformational change in the molecular
skeleton of the resorcarene host (Fig. 3).

The complexation of quaternary ammoniums,
including tetramethylammonium, to the cavity of

FIGURE 1 Tetraethyl resorcarene with homodirectional array of
hydrogen bonds and the ammonium ions as guests.

TABLE I Effect of ammonium ion complexation on the
resorcarene skeleton. The distances shown are internuclear
between the opposite upper rim resorcinol hydrogens. The
counterpoise corrected relative binding energies of the ammonium
ions are given

Energy (kJ/mol)

Length
(Å)

Width
(Å) HF B2LYP

C4 crown 9.89 9.89 — —

MM1 10.72 8.81 2137.3 2156.5
DM 10.09 9.78 2111.9 2126.3
TrM 10.07 9.87 295.4 2105.8
TeM 10.25 9.58 276.3 283.4

ME 10.80 8.69 2131.7 2148.8
DE 10.81 8.77 2110.9 2111.4
TrE 10.31 9.61 261.9 266.6
TeE 10.45 9.44 260.8 265.1

MP 9.95 9.86 2128.0 2142.5
A 10.93 8.35 2154.0 2174.1

FIGURE 2 Methyl- (left) and dimethylammonium (right)
complexes of tetraethyl resorcarene. The hydrogens of the host
are omitted for clarity.
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the resorcarene tetraanion has been depicted earlier
by Schneider and Schneider [3]; the guest ammo-
niums are orientated in such a way that one methyl
group is located in the cavity. Our calculations led
to the same result, with one methyl group located in
the cavity (Fig. 3). With this orientation the cavity
becomes effectively filled. However, the overall size
of the guest ion is very large relative to the volume of
the cavity so that a large part of the guest ion is in fact
located above the cavity. Even so, it induces a
conformational change in the host.

With the methylammonium ions, the binding
energies decrease while the degree of ammonium ion
substitution increases, thus correlating with the
ability to form intermolecular H-bonds with the
host resorcarene. In addition, the methylammonium
ion is located, at least partially, inside the cavity,
while the other methylammonium ions seem to
‘float’ above the cavity.

Ethylammonium ions were also investigated for
comparison. The ethylammonium ion has an
elongated structure, which means that both vertical
and horizontal guest orientations are possible.
According to the calculations, a relatively stable
complex is formed in both orientations but the
vertical orientation of the guest is slightly favored.
The ammonium end lies inside the cavity, which
makes the complex look like a boat with a long and
angular mast (Fig. 4).

The diethylammonium ion is located almost above
the cavity as seen in Fig. 4. The methyl end is inside
the cavity and the ammonium hydrogens are
pointing towards the upper rim of the cavity. The
structure is remarkably similar to that of the

dimethylammonium complex. In addition, a corre-
lation of the locations between trimethyl- and
triethylammonium ions is clearly present: the
triethylammonium is located above the cavity and
the ammonium hydrogen is pointing towards the
resorcinol unit (Fig. 5). Again the conformational
change caused by this ion is the smallest in the series
of ethylammonium ions.

With tetraethylammonium the large size of the
cation affects the binding. The branched and
spherical structure of the guest reduces the complex
formation ability. Because of steric hindrance, only a
minor part of one hydrocarbon chain is located in

FIGURE 3 Tri- (left) and tetramethylammonium (right)
complexes of tetraethyl resorcarene. The hydrogens of the host
are omitted for clarity.

FIGURE 4 Ethyl- (left) and diethylammonium (right) complexes
of tetraethyl resorcarene. The hydrogens of the host are omitted for
clarity.

FIGURE 5 Tri- (left) and tetraethylammonium (right) complexes
of tetraethyl resorcarene. The hydrogens of the host are omitted for
clarity.
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the cavity, while the rest of the guest ‘floats’ above
the cavity and the resorcarene skeleton (Fig. 5). The
guest causes only a minor conformational change
but there seem to be some interactions strong
enough to maintain the supramolecular complex.
The appearance of the complex is remarkably
similar to the crystal structure reported [19].

With the ethylammonium series, the size of the
guest increases rapidly. Thus, the guests are mainly
floating above the cavity, although there are still
sufficient holding interactions present. As with the
methylammoniums, the interactions decrease when
the size of the guest increases. With these docking
locations of the tri- and tetraethyl ions the energy
difference is extremely small.

The propylammonium ion behaves in a similar
way to the ethylammonium ion. The orientation of
the guest ion is vertical and the ammonium end lies
inside the cavity (Fig. 6). Surprisingly, this
particular guest did not induce significant confor-
mational changes in the host. With monosubsti-
tuted ammonium ions the trend remains: the
increase in the length of the hydrocarbon chain
slightly decreases the relative binding energy. In
addition, the positions inside the cavity are
increasing when the length of the carbon chain
increases.

Complexation of the ammonium ion NH4
þ was

also determined for comparison. This guest induces
a drastic conformational change in the resorcarene
skeleton. Two of the hydrogens are pointing down
towards the bow and stern, and the remaining two
are pointing up towards the sides of the boat. This
particular position seems to be energetically favored,
even though the relatively small size should
also enable other possible orientations. The four

hydrogen bonds make the binding energy the
strongest of the ions investigated. As seen in Fig. 6,
the ammonium ion is located approximately in the
middle of the cavity, that is deeper inside the cavity
when compared to the ammonium guests with
hydrocarbon chains.

CONCLUSIONS

Complex formation between resorcarene as host and
various ammonium ions as guests was evaluated
with the Hartree–Fock method. The results suggest
that, because of the differences in the structure of the
ions, the most favorable orientation of the guest
varies widely within the ammonium series. The
stability of the complexes seems to correlate with the
ability to form intermolecular H-bonds. This trend
remains whatever the calculation method used.
Complexation of the ammonium guest also induces
a conformational change in the host.
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[4] Schneider, H.-J.; Güttes, D.; Schneider, U. Angew. Chem., Int.

Ed. Engl. 1986, 25, 647.
[5] Lippmann, T.; Wilde, H.; Pink, M.; Schäfer, A.; Hesse, M.;
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